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SUMMARY 
The l o w - l y i n g s t a t e s of Tm 169 which a r e p o p u l a t e d 
169 
b have been s t u d i e d f o l l o w i n g e l e c t r o n c a p t u r e decay of Yb 
e x t e n s i v e l y , as have t h e e l e c t r o m a g n e t i c t r a n s i t i o n s from 
t h e s e l e v e l s . Gamma-gamma and K e l e c t r o n - g a m m a d i r e c t i o n a l 
c o r r e l a t i o n measurements have been pe r fo rmed on T m ^ ^ , from 
which K s h e l l e l e c t r o n p a r t i c l e p a r a m e t e r s have been d e d u c e d . 
d e t e r m i n e t h e L s h e l l p a r t i c l e p a r a m e t e r s f o r c e r t a i n of t h e 
169 
decay t r a n s i t i o n s i n Tm . D i r e c t i o n a l c o r r e l a t i o n s 
be tween L c o n v e r s i o n e l e c t r o n s and gamma r a y s were o b s e r v e d 
f o r t h e 198 keV/110 keV and t h e 177 keV/130 .5 keV c a s c a d e s . 
The gamma-gamma d i r e c t i o n a l c o r r e l a t i o n s f o r t h e s e c a s c a d e s 
were a l s o o b s e r v e d . 
d e t e c t o r s , e l e c t r o n i c f a s t - s l o w c o i n c i d e n c e c i r c u i t r y , and 
an o n - l i n e d i g i t a l c o m p u t e r . A s o l i d - s t a t e S i ( L i ) d i o d e 
( 1 2 . 5 mm d i a m e t e r X 2 mm nomina l s e n s i t i v e d e p t h ) was u sed 
f o r d e t e c t i o n of t h e e l e c t r o n s . Two Ge(Li) d e t e c t o r s were 
employed i n t h e c o u r s e of t h e e x p e r i m e n t s , w i t h a p p r o x i m a t e 
3 3 
a c t i v e volumes of 25 cm and 30 cm . The e n e r g y r e s o l u t i o n 
of t h e S i ( L i ) d e t e c t o r was abou t 6 .1 keV FWHM a t t h e e n e r g i e s 
e n c o u n t e r e d h e r e . Both t h e Ge(Li) d e t e c t o r s were a b l e t o 
c l e a n l y s e p a r a t e t h e d e s i r e d gamma l i n e s from unwanted 
The p r e s e n t r e s e a r c h was u n d e r t a k e n in o r d e r t o 
The e x p e r i m e n t a l a r r a n g e m e n t i n c l u d e d r a d i a t i o n 
v i i i 
r a d i a t i o n s . The computer was u sed t o c o n t r o l t h e r o u t i n e 
a s p e c t s of t h e e x p e r i m e n t s , and t o c o l l e c t and s t o r e t h e 
d a t a . 
P a r t i c l e p a r a m e t e r s were i n t r o d u c e d i n t h e o r e t i c a l 
work in o r d e r t o d e s c r i b e t h e d i r e c t i o n a l c o r r e l a t i o n 
be tween p a r t i c l e r a d i a t i o n s i n t e rms of t h e c o r r e s p o n d i n g 
gamma-gamma d i r e c t i o n a l c o r r e l a t i o n . E x p e r i m e n t a l l y , t h e 
e l e c t r o n p a r t i c l e p a r a m e t e r b^ f o r a t r a n s i t i o n i s d e f i n e d 
as 
_
 A k k ( e ' Y ) 
b k = A k k ( Y , Y ) ' 
where A k k ( e , Y ) and A ^ C Y J Y ) a r e t h e e l e c t r o n - g a m m a and t h e 
gamma-gamma d i r e c t i o n a l c o r r e l a t i o n c o e f f i c i e n t s (of o r d e r 
k ) , r e s p e c t i v e l y . In most c a s e s of i n t e r e s t , k = 2 o r 
k = 4 . The L s h e l l p a r t i c l e p a r a m e t e r s measured h e r e a r e 
w e i g h t e d sums of t h e p a r t i c l e p a r a m e t e r s f o r t h e i n d i v i d u a l 
L s u b s h e l l s and f o r t h e two m u l t i p o l a r i t i e s which c o n t r i b u t e d 
t o each c o n v e r t e d t r a n s i t i o n o b s e r v e d . 
The gamma-gamma c o r r e l a t i o n m e a s u r e m e n t s , which were 
pe r fo rmed u s i n g t h e two Ge(Li) d e t e c t o r s , y i e l d e d A 2 2 ( 1 9 8 , 
110) = 0 .320±0 .006 and A 2 2 ( 1 7 7 , 1 3 0 . 5 ) = 0 . 2 5 7 ± 0 . 0 0 7 . 
E l e c t r o n L s h e l l p a r t i c l e p a r a m e t e r s f o r k = 2 were 
o b t a i n e d f o r t h e 198 keV, 177 keV, and 110 keV t r a n s i t i o n s i n 
169 
Tm . For t h e f i r s t of t h e s e , t h e r e s u l t b 2 = 0 . 3 3 1 ± 0 . 0 3 8 was 
found . The t h e o r e t i c a l l y c a l c u l a t e d v a l u e i s 0 . 3 5 8 , u s i n g 
i x 
t h e K2/M1 mix ing r a t i o i n d i c a t e d by L s u b s h e l l c o n v e r s i o n 
i n t e n s i t y r a t i o s . Thus , t h e e x p e r i m e n t a l and t h e o r e t i c a l 
v a l u e s f o r b ^ C ^ S keV) a r e i n a g r e e m e n t . 
For t h e 177 keV t r a n s i t i o n , t h e v a l u e bij = -0 .027± 
0 .045 was o b t a i n e d . The t h e o r e t i c a l v a l u e i s 0 . 0 9 3 . T h i s 
d i s c r e p a n c y i s somewhat u n e x p e c t e d i n v iew of t h e s u b s t a n ­
t i a l ag reemen t f o r t h e 198 keV t r a n s i t i o n . However, t h e 
h a l f l i f e of t h e 139 keV l e v e l ( t h e i n t e r m e d i a t e s t a t e f o r 
t h e 177 k e V / 1 3 0 . 5 keV c a s c a d e ) i s abou t fou r t i m e s as l ong 
as t h e h a l f l i f e of t h e 118 keV l e v e l ( t h e i n t e r m e d i a t e s t a t e 
fo r t h e 198 keV/110 keV c a s c a d e ) . Moreover , t h e m a g n e t i c 
d i p o l e moment f o r t h e 139 keV i s g r e a t e r t h a n t h e m a g n e t i c 
moment of t h e 118 keV l e v e l by a f a c t o r of r o u g h l y 1 . 8 . 
Thus , (yO-L39 ~ 8 X ( U T ) ^ 1 8 . I t may be p o s s i b l e t h a t a h y p e r -
169 
f i n e i n t e r a c t i o n be tween t h e Tm n u c l e u s a t t h e 139 keV 
l e v e l and t h e d i s r u p t e d e l e c t r o n s h e l l ( f o l l o w i n g t h e f i r s t 
t r a n s i t i o n , which was c o n v e r t e d ) i s s u f f i c i e n t t o c o n s i d e r a b l y 
a f f e c t t h e 1 7 7 e ^ / 1 3 0 . 5 y c o r r e l a t i o n , whe reas t h e same t y p e of 
i n t e r a c t i o n migh t n o t be a b l e t o a f f e c t t h e 198e^ /110y 
c o r r e l a t i o n t o n e a r l y t h e same e x t e n t . 
For t h e 110 keV t r a n s i t i o n , t h e b^ v a l u e found was 
- 0 . 0 3 7 ± 0 . 0 3 6 . The t h e o r e t i c a l l y p r e d i c t e d v a l u e i s 0 . 1 7 9 . 
The c a s c a d e used i n t h e measurement of b2(110 keV) was t h e 
same one as used i n t h e measurement of b2(198 k e V ) , and 
f u r t h e r m o r e t h e f i r s t t r a n s i t i o n was n o t c o n v e r t e d i n t h i s 
c a s e . P resumably t h e n , a h y p e r f i n e i n t e r a c t i o n be tween t h e 
X 
n u c l e u s a n d t h e e l e c t r o n s h e l l w o u l d n o t b e r e s p o n s i b l e 
f o r t h e d i f f e r e n c e b e t w e e n t h e e x p e r i m e n t a l a n d t h e o r e t i c a l 
v a l u e s . T h e k i n e t i c e n e r g y o f t h e c o n v e r t e d L e l e c t r o n s f o r 
t h i s t r a n s i t i o n i s a b o u t 100 k e V , w h i c h i s a r e l a t i v e l y l o w 
e n e r g y . S o i n t h i s c a s e , i t may b e t h a t e l e c t r o n s c a t t e r i n g 
i n t h e s o u r c e h a d a s i g n i f i c a n t e f f e c t o n t h e c o r r e l a t i o n . 
CHAPTER I 
INTRODUCTION 
T h e t w o m o s t f r e q u e n t l y e n c o u n t e r e d p r o c e s s e s o f 
d e c a y o f e x c i t e d n u c l e a r s t a t e s a r e gamma r a y e m i s s i o n a n d 
i n t e r n a l c o n v e r s i o n . B o t h a r e e l e c t r o m a g n e t i c i n t e r a c t i o n s 
w h i c h i n v o l v e t h e r e m o v a l o f e n e r g y f r o m a n a t o m i c n u c l e u s . 
I n t h e f i r s t c a s e t h e e n e r g y a p p e a r s a s a q u a n t u m (gamma r a y 
p h o t o n ) o f t h e e l e c t r o m a g n e t i c f i e l d , i n t h e s e c o n d i n s t a n c e 
t h e e n e r g y i s t r a n s f e r r e d d i r e c t l y t o a n o r b i t a l e l e c t r o n b y 
e x p e l l i n g i t f r o m t h e a t o m . I t may h a p p e n t h a t a g i v e n 
e x c i t e d n u c l e a r s t a t e c a n d e c a y b y b o t h o f t h e s e p r o c e s s e s . 
T h e r e l a t i v e p r o b a b i l i t y o f i n t e r n a l c o n v e r s i o n v i s - a - v i s 
gamma e m i s s i o n i s d e f i n e d t o b e t h e " i n t e r n a l c o n v e r s i o n 
c o e f f i c i e n t , " a . 
T h e p r o b a b i l i t y t h a t a n u c l e u s i n a n e x c i t e d s t a t e 
w i l l e m i t a d e - e x c i t a t i o n r a d i a t i o n w i l l d e p e n d , i n g e n e r a l , 
o n t h e o r i e n t a t i o n o f t h e n u c l e a r s p i n a x i s w i t h r e s p e c t t o 
t h e d i r e c t i o n o f e m i s s i o n . O r d i n a r i l y , t h e s p i n a x e s o f 
n u c l e i i n a s a m p l e w i l l b e r a n d o m l y o r i e n t e d , a n d t h e i n t e n ­
s i t y p a t t e r n o f r a d i a t i o n f r o m s u c h n u c l e i w i l l b e i s o t r o p i c . 
H o w e v e r , i f a s u b s e t o f n u c l e i p r e f e r e n t i a l l y o r i e n t e d w i t h 
r e s p e c t t o a c e r t a i n f i x e d d i r e c t i o n c a n b e s e l e c t e d , t h e n 
t h e i n t e n s i t y o f r a d i a t i o n f r o m t h i s s u b s e t may i n d e e d b e 
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c o r r e l a t e d w i t h t h e d i r e c t i o n o f e m i s s i o n . A n u c l i d e w h i c h 
h a s e x c i t e d s t a t e s d e p o p u l a t e d b y t w o s u c c e s s i v e r a d i a t i o n s , 
a n d R 2 , o f f e r s t h e p o s s i b i l i t y o f s e l e c t i n g s u c h a n 
e n s e m b l e o f n o n - r a n d o m l y o r i e n t e d n u c l e i ( 1 ) . T h e d e t e c t i o n 
o f t h e r a d i a t i o n R^ a l o n g o n l y o n e f i x e d d i r e c t i o n f r o m a 
p o i n t s o u r c e s e l e c t s a s u b s e t o f n u c l e i w h o s e s p i n a x e s a r e 
n o t r a n d o m l y d i s t r i b u t e d w i t h r e s p e c t t o t h a t d i r e c t i o n , a n d 
t h e p r o b a b i l i t y o f d e t e c t i n g t h e s u c c e e d i n g r a d i a t i o n R 2 
m a y b e c o r r e l a t e d i n a n g l e w i t h t h e d i r e c t i o n o f R-^. 
T h e a n g u l a r c o r r e l a t i o n b e t w e e n t w o s u c c e s s i v e 
r a d i a t i o n s i s e x p r e s s e d i n t e r m s o f t h e " c o r r e l a t i o n 
f u n c t i o n , " W. I f t h e f i r s t r a d i a t i o n i s i n t h e f i x e d 
d i r e c t i o n r ^ , t h e n t h e r e l a t i v e p r o b a b i l i t y t h a t t h e s e c o n d 
r a d i a t i o n w i l l b e e m i t t e d i n t o t h e s m a l l s o l i d a n g l e dQ a t 
a n a n g l e 0 w i t h r e s p e c t t o r ^ i s W(0) dQ. 
I n a t y p i c a l c a s e , a n u c l i d e w o u l d h a v e s t a t e s A , B , 
a n d C i n o r d e r o f d e c r e a s i n g e n e r g y , a n d c o r r e s p o n d i n g 
a n g u l a r m o m e n t s J ^ , J g , a n d J ^ , . T h e r a d i a t i o n R^ w o u l d 
a r i s e f r o m d e c a y s o f s t a t e A t o s t a t e B , a n d R 2 w o u l d b e 
d u e t o s u b s e q u e n t d e c a y s o f s t a t e B t o s t a t e C . T h e 
c o r r e l a t i o n f u n c t i o n c a n b e w r i t t e n i n t h e f o r m 
N 
w ( e ) = z A k k ( R 1 , R 2 ) P k ( c o s ( 6 ) ) . ( 1 - 1 ) 
k = o 
P k i s t h e L e g e n d r e p o l y n o m i a l , a n d A k k ( R 1 , R 2 ) t h e a n g u l a r 
c o r r e l a t i o n c o e f f i c i e n t , o f o r d e r k . N = m i n ( 2 J - R , 2L-, , 2 L 9 ) , 
3 
where L-^  and a r e t h e a n g u l a r momenta of t h e r a d i a t i o n s 
and R^, r e s p e c t i v e l y . The u s u a l c o n v e n t i o n , which w i l l 
be f o l l o w e d h e r e , i s t o choose A Q Q = 1 . I f t h e p o l a r i z a t i o n s 
of t h e r a d i a t i o n s R^ and R 2 a r e n o t o b s e r v e d , t h e n t h e i n d e x 
M k " i n e q u a t i o n (1 -1 ) i s f u r t h e r r e s t r i c t e d t o be an even 
i n t e g e r . In t h e l i t e r a t u r e t h e t e rm " d i r e c t i o n a l c o r r e l a ­
t i o n " i s a p p l i e d t o e x p e r i m e n t s i n which t h e p o l a r i z a t i o n s 
a r e n o t d e t e r m i n e d , which i s t h e c a s e i n t h e p r e s e n t 
i n v e s t i g a t i o n . 
Each c o r r e l a t i o n c o e f f i c i e n t , A k k ( R - ^ , R 2 ) , can be 
w r i t t e n as a p r o d u c t of two p a r t i a l c o r r e l a t i o n c o e f f i c i e n t s , 
A^CR-^) and A k ( R 2 ) > each of which depends on o n l y one t r a n s i ­
t i o n of t h e c a s c a d e . I t i s shown i n Appendix A t h a t a 
p a r t i a l gamma c o r r e l a t i o n c o e f f i c i e n t f o r a t r a n s i t i o n of 
mixed m u l t i p o l a r i t y , L and L + l , and (gamma) mix ing r a t i o , 
6 , can be e x p r e s s e d i n t h e form 
A k ( y ) = [ F k ( L , L , J , J B ) + 2 6 F k ( L , L + l , J , J B ) + 
(1 -2 ) 
6 2 F k ( L + l , L + l , J , J B ) ] ( 1 + 6 2 ) " 1 . 
H e r e , J d e n o t e s e i t h e r o r J^, d e p e n d i n g on w h e t h e r t h e 
g a m m a - r a d i a t i o n i s R-^  o r R 2 , i n our p r e v i o u s t e r m i n o l o g y . 
Each F f u n c t i o n depends o n l y on t h e n u c l e a r s p i n s , t h e 
r a d i a t i o n m u l t i p o l a r i t i e s , and t h e i n d e x k . 
The gamma-gamma c o r r e l a t i o n has been a d o p t e d as t h e 
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s t a n d a r d , and o t h e r t y p e s a r e e x p r e s s e d as m o d i f i c a t i o n s 
t h e r e t o , v i a t h e s o - c a l l e d " p a r t i c l e p a r a m e t e r s , " which a r e 
d e f i n e d i n Appendix A. The p a r t i c l e p a r a m e t e r s f o r e l e c t r o n -
gamma c o r r e l a t i o n s w i l l depend on t h e m u l t i p o l a r i t y , p a r i t y , 
and e n e r g y of t h e t r a n s i t i o n , and on t h e a t o m i c number of 
t h e e m i t t i n g n u c l i d e . In some c a s e s t h e p a r a m e t e r s may 
depend s i g n i f i c a n t l y on n u c l e a r s t r u c t u r e a l s o . R e f e r r i n g 
a g a i n t o Appendix A, we s e e t h a t t h e p a r t i a l c o r r e l a t i o n 
c o e f f i c i e n t f o r a c o n v e r t e d t r a n s i t i o n can be w r i t t e n as 
A v ( e ) = [ b v ( L , L ) . F v C L , L , J , J B ) + 2 6 ^ - b v (L,L + l ) 
'e "k 
F k ( L , L + l , J , J B ) + 5 g - b k ( L + l f L + l ) - F k C L + l , L + l , J , J B ) ] . 
( 1 + 6 2 ) _ 1 . ( 1 -3 ) 
The L ' s and J ' s a r e as p r e v i o u s l y d e f i n e d , t h e b ^ ' s a r e t h e 
p a r t i c l e p a r a m e t e r s (which a l s o depend on t h e s h e l l , o r 
s u b s h e l l , from which c o n v e r s i o n t a k e s p l a c e ) , and 6Q = 
1/2 
6 ( a L + - ^ / a L ) , where a L and a r e t h e p a r t i a l c o n v e r s i o n 
c o e f f i c i e n t s f o r t h e t r a n s i t i o n . 
Comparing e q u a t i o n s ( 1 - 2 ) and ( 1 - 3 ) , we s e e t h a t t h e 
r a t i o A ^ k ( e , y ) ( Y > Y ) y i e l d s a p a r t i c l e p a r a m e t e r d i r e c t l y , 
i f 6 = 0 f o r t h e c o n v e r t e d t r a n s i t i o n which was o b s e r v e d . 
I f 6 / 0 fo r t h a t t r a n s i t i o n , t h e n t h e r a t i o o f c o r r e l a t i o n 
c o e f f i c i e n t s i s n o t s imp ly a p a r t i c l e p a r a m e t e r , b u t i n s t e a d 
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i s a w e i g h t e d sum o f t h e m . 
E x p e r i m e n t a l P r o c e d u r e 
A d i r e c t i o n a l c o r r e l a t i o n e x p e r i m e n t i s p e r f o r m e d by-
u s i n g t w o d e t e c t o r s , ( f i x e d ) a n d D 2 ( m o v e a b l e ) , w i t h 
e l e c t r o n i c a l l y g a t e d o n r a d i a t i o n R^ a n d D 2 g a t e d o n R 2 . 
T h e r a d i o a c t i v e s o u r c e ( i d e a l l y a p o i n t ) i s p l a c e d a t t h e 
i n t e r s e c t i o n o f t h e a x e s o f t h e d e t e c t o r s ( e a c h a s s u m e d t o 
be c y l i n d r i c a l l y s y m m e t r i c ) . A n e l e c t r o n i c s y s t e m i s s e t t o 
r e c o r d a c o u n t i f a r a d i a t i o n o f t y p e R 2 i s d e t e c t e d b y D 2 
w i t h i n a c e r t a i n s m a l l t i m e i n t e r v a l ( " r e s o l v i n g t i m e " ) o f 
d e t e c t i o n o f a r a d i a t i o n o f t y p e R^ b y d e t e c t o r . D 2 i s 
t h e n p o s i t i o n e d a t v a r i o u s a n g l e s w i t h r e s p e c t t o i n a 
p l a n e , a n d t h e c o i n c i d e n c e c o u n t i n g r a t e i s r e c o r d e d a t e a c h 
o f t h e s e a n g l e s . T h e r e s o l v i n g t i m e o f t h e s y s t e m a l l o w s 
s o m e n e a r l y s i m u l t a n e o u s r a d i a t i o n s f r o m d i f f e r e n t n u c l e i t o 
be recorded a s coincidence counts f r o m o n e nucleus, and t h e 
s p a t i a l e x t e n s i o n o f t h e d e t e c t o r s m a k e s t h e r e c o r d e d 
c o r r e l a t i o n a n a v e r a g e o f t h e t r u e o n e o v e r t h e a n g l e s 
s u b t e n d e d b y t h e d e t e c t o r s a s s e e n f r o m t h e s o u r c e . A l s o , 
i f t h e s o u r c e i s l a r g e e n o u g h , a d d i t i o n a l d e v i a t i o n s w i l l b e 
i n t r o d u c e d i n t o t h e o b s e r v e d c o r r e l a t i o n . A f t e r c o r r e c t i o n s 
f o r t h e s e e f f e c t s h a v e b e e n i n c l u d e d , t h e t r u e c o r r e l a t i o n 
i n a n g l e b e t w e e n t h e t w o r a d i a t i o n s c a n b e c o m p u t e d . 
A t t e n u a t i o n M e c h a n i s m s 
T h u s f a r , t h e d i s c u s s i o n h a s a s s u m e d t h a t t h e s t a t e 
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o f t h e n u c l e u s r e m a i n s u n d i s t r u b e d d u r i n g t h e t i m e b e t w e e n 
t h e f i r s t a n d s e c o n d t r a n s i t i o n s o f a c a s c a d e d e c a y . T h e 
d i r e c t i o n a l c o r r e l a t i o n b e t w e e n t w o s u c c e s s i v e r a d i a t i o n s 
c a n b e a l t e r e d o r d e s t r o y e d i f t h e o r i e n t a t i o n o f t h e 
n u c l e a r s p i n a x i s i s c h a n g e d d u r i n g t h e i n t e r m e d i a t e s t a t e . 
I n t e r a c t i o n s o f t h e n u c l e a r m a g n e t i c d i p o l e m o m e n t o r 
e l e c t r i c q u a d r u p o l e m o m e n t w i t h e x t r a - n u c l e a r m a g n e t i c 
f i e l d s o r e l e c t r i c f i e l d g r a d i e n t s , r e s p e c t i v e l y , o r a h y p e r ­
f i n e i n t e r a c t i o n b e t w e e n t h e n u c l e u s a n d i t s e l e c t r o n i c 
s h e l l , a r e p o s s i b l e s o u r c e s o f n u c l e a r r e o r i e n t a t i o n d u r i n g 
t h e i n t e r m e d i a t e s t a t e . W h e t h e r s u c h i n t e r a c t i o n s w i l l 
a f f e c t t h e c o r r e l a t i o n i n a p a r t i c u l a r c a s e d e p e n d s o n t h e 
s t r e n g t h o f t h e i n t e r a c t i o n a n d t h e l i f e t i m e o f t h e i n t e r ­
m e d i a t e s t a t e . 
F o r i n t e r a c t i o n s o f t h e n u c l e u s w i t h s t a t i s t i c a l l y 
i s o t r o p i c s t a t i c f i e l d s o r g r a d i e n t s , a s i n a m i c r o c r y s t a l -
l i n e p o w d e r s o u r c e , t h e f o r m o f t h e c o r r e l a t i o n f u n c t i o n i s 
u n a l t e r e d , b u t e a c h o r i g i n a l c o r r e l a t i o n c o e f f i c i e n t w i l l 
b e m u l t i p l i e d b y a n a t t e n u a t i o n f a c t o r ( 1 ) . I n s u c h a c a s e , 
t h e r a t i o ( e , y ) / A ^ (Y > Y ) w i l l b e u n c h a n g e d i f t h e i n t e r ­
a c t i o n i s t h e s a m e f o r b o t h t h e g a m m a - g a m m a a n d t h e e l e c t r o n -
gamma c o r r e l a t i o n . 
T w o m e c h a n i s m s w h i c h may a f f e c t a n e l e c t r o n - g a m m a 
c o r r e l a t i o n b u t n o t t h e c o r r e s p o n d i n g g a m m a - g a m m a c o r r e l a t i o n 
a r e ( i ) e l e c t r o n s c a t t e r i n g , a n d ( i i ) i n t e r a c t i o n o f t h e 
n u c l e u s w i t h t h e d i s r u p t e d e l e c t r o n s h e l l , i f t h e f i r s t 
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transition of the cascade is converted. The experimental 
procedure to be followed in minimizing electron scattering 
is to use a thin radioactive source, thin backing material 
of low atomic number, and to have an evacuated path between 
the radioactive source and electron detector. The severity 
of scattering will depend on the electron kinetic energy, 
being more important at low than at high energies. 
Historical Development of Directional Correlations 
The first theoretical treatment of angular correla­
tions between successive nuclear radiations was that of 
D. R. Hamilton (2) in 1940. This was restricted to gamma-
gamma correlations. Since then, the theory has been greatly 
extended and refined. Comprehensive review expositions of 
general angular correlations have been given by L. C. 
Biedenharn and M. E. Rose (3), by Biedenharn (4), and by 
H. J. Rose and D. M. Brink (5). 
The first successful gamma-gamma directional correla­
tion experiment was carried out by Brady and Deutsch (6) in 
1947, using Geiger counters. The subsequent introduction 
of scintillation detectors, higher-speed electronic 
coincidence circuitry, and multichannel pulse height 
analyzers into this work greatly extended the range of 
applicability of the technique and drastically reduced the 
time necessary to perform a given experiment. Solid-state 
germanium diode detectors, which have a very superior gamma 
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ray energy resolution as compared to scintillation counters, 
have come into widespread use since the early 1960's. 
Several projects for the calculation of particle 
parameters have been carried out since interest first arose 
in directional correlations involving conversion electrons. 
The different calculations have been at various levels of 
sophistication and refinement. The theoretical particle 
parameters used in this study are those of Hager and 
Seltzer (7). They obtained the electron wavefunctions by a 
relativistic self-consistent-field calculation, and took 
into account the finite size of the nucleus. Further details 
on their method, and references to and comments on previous 
particle parameter calculations of other workers, can be 
found in references (7) and (8). 
Purpose of the Research 
The purpose of this research is to determine L-shell 
directional correlation particle parameters of the 110, 177, 
169 
and 198 keV transitions in the nuclide Tm , and to make a 
measurement of the gamma-gamma directional correlation 
coefficients of the 198 keV/110 keV and 177 keV/130.5 keV 
cascades with a spectrometer system capable of resolving the 
desired gamma radiations from interfering ones. 
169 
Review of Previous Research on Tm 
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The level structure and decay scheme of Tm 
relevant to this investigation are shown in Figure 1. 
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J o h a n s s o n (9) was t h e f i r s t t o deduce t h e main f e a t u r e s of 
t h i s scheme, and o t h e r s t u d i e s were made s u b s e q u e n t l y ( 1 0 ) , 
169 
(11) , ( 1 2 ) . A t h e o r e t i c a l i n t e r p r e t a t i o n of Tm i n t e r m s 
of t h e " u n i f i e d mode l " of n u c l e a r s t r u c t u r e i s g i v e n i n 
r e f e r e n c e s (9) and ( 1 3 ) . 
The h a l f l i f e of t h e 118 keV l e v e l was found t o be 
62±3 p i c o s e c o n d s by B laugrund e t a l . ( 1 4 ) , and t h e m a g n e t i c 
d i p o l e moment of t h i s l e v e l has been c a l c u l a t e d (17) from 
d a t a p r e s e n t e d by Gunther e t a l . (15) t o be 0 . 7 2 ± 0 . 0 8 
n u c l e a r magne ton . 
Sunds t rom e t a l . (16) d e t e r m i n e d t h e h a l f l i f e of t h e 
139 keV l e v e l t o be 321±14 p i c o s e c o n d s by a d e l a y e d 
c o i n c i d e n c e measu remen t , and c a l c u l a t i o n s (17) u s i n g d a t a 
g i v e n by Gun the r e t a l . (15) g i v e t h e m a g n e t i c d i p o l e 
moment of t h i s l e v e l a s 1 .30±0 .07 n u c l e a r m a g n e t o n s . 
Gamma r a y mix ing r a t i o s fo r t h e 110, 177 , and 198 keV 
t r a n s i t i o n s have been c a l c u l a t e d (17) from L - s u b s h e l l 
c o n v e r s i o n e l e c t r o n i n t e n s i t y r a t i o s , g i v i n g | (E2/M1) | 
= 0 . 1 5 2 ± 0 . 0 0 7 , | 6 1 7 7 ( E 2 / M 1 ) | = 0 . 4 4 ± 0 . 0 2 , and | 6 i g g ( E 2 / M 1 ) | 
= 0 . 3 3 2 ± 0 . 0 1 6 . L - s u b s h e l l r a t i o s a r e c o n s i s t e n t w i t h t h e 
a s s i g n m e n t of p u r e E2 m u l t i p o l a r i t y t o t h e 130 .5 keV 
t r a n s i t i o n (17) . 
Numerous gamma-gamma d i r e c t i o n a l c o r r e l a t i o n e x p e r i ­
ments have been p e r f o r m e d on t h e 198 keV/110 keV c a s c a d e 
( 1 5 , 1 8 - 2 3 ) , and on t h e 177 k e V / 1 3 0 . 5 keV c a s c a d e ( 1 8 - 2 1 , 
2 3 - 2 5 ) . Most of t h e s e measurements were made u s i n g two 
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N a l ( T l ) gamma d e t e c t o r s , o r one N a l ( T l ) and one Ge(Li) 
d e t e c t o r . 
Grabowski e t a l . (19) measured t h e 198 keV/ (110£118) 
keV, K c o n v e r s i o n e l e c t r o n - g a m m a d i r e c t i o n a l c o r r e l a t i o n , 
u s i n g a m a g n e t i c s p e c t r o m e t e r f o r s e l e c t i o n of t h e e l e c t r o n s 
and N a l ( T l ) f o r d e t e c t i o n of t h e gamma r a d i a t i o n . They 
o b t a i n e d A 2 2 ^ e K , Y ^ = ° - 0 0 1 ± 0 - 0 0 8 - T f t i s v a l u e , t o g e t h e r w i t h 
t h e i r r e s u l t of A 2 2 ( y , y ) = 0 . 295±0 .007 fo r t h e same c a s c a d e , 
g i v e s A 2 2 ( e K , y ) / A 2 2 ( y , y ) = 0 . 0 0 3 ± 0 . 0 2 8 . A g n i h o t r y e t a l . 
(25) o b t a i n e d r e s u l t s f o r t h e same K e l e c t r o n gamma c o r r e l a ­
t i o n which y i e l d A 2 2 ( e K , Y ) / A 2 2 ( y » y ) = 0 . 1 9 3 ± 0 . 0 3 5 . The 
t h e o r e t i c a l p r e d i c t i o n (7) f o r t h i s q u a n t i t y i s 0 .134± 
0 . 0 0 3 , a s suming t h e p r e v i o u s l y q u o t e d mix ing r a t i o f o r t h i s 
t r a n s i t i o n . 
Grabowski e t a l . (19) a l s o measured t h e 198 keV/ 
110 keV, gamma-K e l e c t r o n , d i r e c t i o n a l c o r r e l a t i o n and 
t h e i r r e s u l t s g i v e A 2 2 ( y , e K ) / A 2 2 ( y , y ) = - 0 . 0 1 7 ± 0 . 0 2 1 . The 
t h e o r e t i c a l p r e d i c t i o n (7) i s A 2 2 ( y , e K ) / A 2 2 ( y , y ) = - 0 . 0 2 9 ± 
0 . 0 0 1 . 
The 177 k e V / 1 3 0 . 5 keV, gamma-gamma and gamma-K 
c o n v e r s i o n e l e c t r o n , d i r e c t i o n a l c o r r e l a t i o n s were measured 
by Grabowski e t a l . (19) and by A g n i h o t r y e t a l . ( 2 5 ) . 
Va lues of A 2 2 ( y > e j ( ) / A 2 2 ^ * o b t a i n e d from t h e i r r e s u l t s a r e 
1 .81±0 .08 and 1 . 8 4 ± 0 . 0 8 , r e s p e c t i v e l y . These a r e i n good 
ag reemen t w i t h t h e t h e o r e t i c a l p r e d i c t i o n (7) of 
b ^ ( 1 3 0 . 5 keV) = 1.848 f o r a p u r e E2 t r a n s i t i o n . 
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A d d i t i o n a l i n f o r m a t i o n on Tm a n d e x t e n s i v e 
r e f e r e n c e s t o t h e l i t e r a t u r e on t h i s n u c l i d e may b e f o u n d i n 
r e f e r e n c e s ( 1 7 ) a n d ( 2 6 ) . 
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CHAPTER I I 
EXPERIMENTAL APPARATUS 
The d i r e c t i o n a l c o r r e l a t i o n s p e c t r o m e t e r sy s t em u s e d 
i n t h i s i n v e s t i g a t i o n was composed of : r a d i a t i o n d e t e c t o r s ; 
a vacuum sys tem which e n c l o s e d t h e s o u r c e and e l e c t r o n 
d e t e c t o r , when m e a s u r i n g e l e c t r o n - g a m m a c o r r e l a t i o n s ; 
e l e c t r o n i c a m p l i f i e r s , p u l s e s h a p e r s , p u l s e h e i g h t a n a l y z e r s , 
and c o i n c i d e n c e c i r c u i t s ; d a t a r e c o r d i n g e q u i p m e n t ; a t u r n ­
t a b l e t o p o s i t i o n t h e moveable d e t e c t o r a t d i f f e r e n t a n g l e s ; 
and a computer t o c o n t r o l t h e r o u t i n e a s p e c t s of t h e e x p e r i ­
m e n t s . These v a r i o u s components w i l l be d e s c r i b e d i n more 
d e t a i l be low . 
R a d i a t i o n D e t e c t o r s 
The two gamma r a y d e t e c t o r s u sed i n t h i s i n v e s t i ­
g a t i o n were s o l i d - s t a t e l i t h i u m - d r i f t e d germanium ( G e ( L i ) ) 
d i o d e s . One of t h e s e , which was employed as t h e moveable 
d e t e c t o r , was a N u c l e a r Diodes I n c . model LGC 3.5X. T r a p ­
e z o i d a l i n c r o s s - s e c t i o n , t h i s d e t e c t o r was l i t h i u m - d r i f t e d 
on t h e f o u r s i d e s and on one end . I t s nomina l a c t i v e 
3 
volume was 30 cm . The d e t e c t o r was c o o l e d by a c o p p e r 
" c o l d f i n g e r " i n c o n t a c t w i t h l i q u i d n i t r o g e n , and was 
mounted on top of a dewar . The d i o d e was o p e r a t e d a t a 
r e v e r s e b i a s of 1200 V. The ene rgy r e s o l u t i o n of t h i s 
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d e t e c t o r and i t s a s s o c i a t e d e l e c t r o n i c sys tem was abou t 
3.4 keV FWHM ( f u l l w i d t h a t h a l f maximum) f o r i n c i d e n t gamma 
r a d i a t i on i n t h e ene rgy r a n g e from 100 keV t o 200 keV. 
The o t h e r GE (Li) d e t e c t o r u sed was a model 8101-0421 
m a n u f a c t u r e d by ORTEC, I n c . Th i s c y l i n d r i c a l d e t e c t o r was 
l i t h i u m - d r i f t e d a round t h e l a t e r a l s u r f a c e , and had an 
a c t i v e volume of a p p r o x i m a t e l y 25 cm . Th i s d e t e c t o r a l s o 
was c o o l e d by a l i q u i d n i t r o g e n c r y o s t a t s y s t e m , and was 
o p e r a t e d a t a r e v e r s e b i a s of a bou t 2000 V. I t s e ne rgy 
r e s o l u t i o n was abou t 2 . 1 keV FWHM, f o r gamma r a y s of e ne rgy 
1.33 MeV. 
The e l e c t r o n d e t e c t o r u sed was a l i t h i u m - d r i f t e d 
s i l i c o n (Si ( L i ) ) t y p e , m a n u f a c t u r e d by Kevex C o r p o r a t i o n . 
The a r e a of t h e exposed f a c e of t h i s c i r c u l a r d e t e c t o r was 
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abou t 1.2 cm , and t h e r a d i a t i o n s e n s i t i v e d e p t h was 2 mm, 
n o m i n a l l y . The r e v e r s e b i a s p o t e n t i a l u sed was 200 V. Th i s 
t y p e of d e t e c t o r can be o p e r a t e d a t room t e m p e r a t u r e , b u t i n 
o r d e r t o i n c r e a s e i t s ene rgy r e s o l u t i o n i t was u sed i n 
c o n j u n c t i o n w i t h a t h e r m o - e l e c t r i c c o o l e r (Wes t inghouse 
t y p e 8 1 6 - J ) . The S i (L i ) d e t e c t o r was cemented t o t h e low-
t e m p e r a t u r e end of t h e c o o l e r , and t h e h i g h - t e m p e r a t u r e end 
of t h e c o o l e r was c o a t e d w i t h h i g h - v i s c o s i t y s i l i c o n e g r e a s e 
and p r e s s e d f i r m l y i n t o c o n t a c t w i t h t h e t h i c k b r a s s s u p p o r t -
p l a t e of t h e vacuum a s s e m b l y . Copper c o o l i n g - c o i l s were 
s o l d e r e d t o t h e u n d e r s i d e of t h e b r a s s p l a t e , and w a t e r a t 
about 15°C was run t h r o u g h t h e c o i l s . The t h e r m o - e l e c t r i c 
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c o o l e r was o p e r a t e d a t a c u r r e n t of a p p r o x i m a t e l y 20 
a m p e r e s . The ene rgy r e s o l u t i o n of t h e d e t e c t o r when used 
w i t h t h i s c o o l i n g s y s t e m , abou t 6 . 1 keV FWHM f o r e l e c t r o n s 
i n t h e e n e r g y r a n g e from 100 deV t o 200 keV, showed a 
n o t i c e a b l e improvement as compared t o t h e r e s o l u t i o n when 
o p e r a t e d a t room t e m p e r a t u r e . 
A d i f f e r e n t a p p r o a c h t o i n c r e a s i n g t h e Si (L i ) 
d e t e c t o r ' s r e s o l u t i o n was t o c o n n e c t t h e aluminum f i n of t h e 
c o o l e r ( t o which t h e d e t e c t o r was cemented) w i t h a s t a i n l e s s 
s t e e l dewar f i l l e d w i t h l i q u i d n i t r o g e n , by means of m e t a l 
b r a i d s t r a p s . However, t h e ene rgy r e s o l u t i o n u s i n g t h i s 
method was no b e t t e r t h a n t h a t o b t a i n e d w i t h t h e p r e c e d i n g 
o n e ; and s i n c e t h i s second method was f a r l e s s c o n v e n i e n t 
t o u s e , i t was d i s c a r d e d i n f a v o r of t h e a f o r e m e n t i o n e d o n e . 
Vacuum Assembly 
For t h e measurements of e l e c t r o n - g a m m a d i r e c t i o n a l 
c o r r e l a t i o n s , i t was n e c e s s a r y t o p r o v i d e an e v a c u a t e d p a t h 
be tween t h e r a d i o a c t i v e s o u r c e and e l e c t r o n d e t e c t o r i n 
o r d e r t o p r e v e n t s c a t t e r i n g of t h e e l e c t r o n s by gas m o l e c u l e s 
of t h e a i r . 
The S i ( L i ) d e t e c t o r was mounted on t h e b r a s s s u p p o r t -
p l a t e , and t h e s o u r c e was a t t a c h e d t o a p o s i t i o n e r which 
a l l o w e d f o r a d j u s t m e n t a l ong two h o r i z o n t a l a x e s . The s o u r c e -
p o s i t i o n e r was cemented t o t h e b r a s s s u p p o r t - p l a t e , a few 
c e n t i m e t e r s from t h e Si (Li ) d e t e c t o r . An aluminum c y l i n d e r 
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vacuum h o u s i n g (~12.4 cm i n s i d e d i a m e t e r , and ~11.7 cm 
h e i g h t ) , w i t h a b r a s s c o v e r i n g - p l a t e a t one end , was p l a c e d 
ove r t h e s o u r c e and e l e c t r o n d e t e c t o r . The bo t tom end of 
t h e c y l i n d e r f i t ove r a r u b b e r O - r i n g around t h e p e r i p h e r y 
of t h e s u p p o r t - p l a t e . Rubber vacuum hose c o n n e c t e d an 
e l e c t r i c a l l y d r i v e n vacuum pump w i t h a p o r t i n t h e c e n t e r of 
t h e s u p p o r t - p l a t e . A t h e r m o c o u p l e vacuum gauge was u sed t o 
m o n i t o r t h e r e s i d u a l p r e s s u r e of t h e vacuum chamber . Under 
o p e r a t i n g c o n d i t i o n s , t h i s p r e s s u r e was l e s s t h a n 30 urn of 
Hg. 
S i g n a l s from t h e Si (Li ) d e t e c t o r were t r a n s m i t t e d t o 
t h e p r e a m p l i f i e r t h r o u g h a v a c u u m - s e a l e d p o r t i n t h e s u p p o r t -
p l a t e . 
The gamma d e t e c t o r was s i t u a t e d o u t s i d e t h e vacuum 
h o u s i n g , and any gamma r a d i a t i o n d e t e c t e d had f i r s t t o p a s s 
t h r o u g h t h e 0 .8 mm w a l l of t h e aluminum c y l i n d e r . 
E l e c t r o n i c s 
The b a s i c c o n f i g u r a t i o n of t h e e l e c t r o n i c i n s t r u m e n ­
t a t i o n u sed as p a r t of t h e d i r e c t i o n a l c o r r e l a t i o n s p e c t r o m e t e r 
sys t em i s shown i n F i g u r e 2 . 
The s i g n a l p u l s e h e i g h t from any of t h e d e t e c t o r s 
used was v e r y n e a r l y p r o p o r t i o n a l t o t h e ene rgy d e p o s i t e d i n 
t h e d e t e c t o r by t h e i n c i d e n t r a d i a t i o n . S i g n a l s from each 
d e t e c t o r were a m p l i f i e d and shaped so as t o be b i p o l a r . The 
o u t p u t s of each a m p l i f i e r were c o n n e c t e d t o b o t h a 
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S o u r c e 
( f i x e d ) ( m o v e a b l e ) 
A m p l i f i e r A m p l i f i e r 
F a s t -
C o i n c i d e n c e 
S i n g 
Char 
p i 
; l e -
i n e l 
IA 
S c a l e r 
S l o w 
C o i n c i d e n c e 
S c a l e r 




i n e l 
iA 
S c a l e r 
G a t e 
» Al )C 
C o m p u t e r 
F i g u r e 2. B l o c k D i a g r a m o f E l e c t r o n i c I n s t r u m e n t a t i o n 
a s U s e d f o r E l e c t r o n - G a m m a C o r r e l a t i o n s 
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f a s t - c o i n c i d e n c e c i r c u i t a n d a s i n g l e - c h a n n e l p u l s e h e i g h t 
a n a l y z e r . T h e f a s t - c o i n c i d e n c e c i r c u i t d e r i v e d n a r r o w t i m i n g 
p u l s e s f r o m t h e z e r o c r o s s - o v e r o f t h e b i p o l a r s i g n a l s 
f u r n i s h e d b y t h e a m p l i f i e r . T h e w i d t h o f t h e s e n a r r o w 
p u l s e s d e t e r m i n e d t h e r e s o l v i n g t i m e o f t h e s y s t e m . I n t h e s e 
e x p e r i m e n t s , 2 T w a s a p p r o x i m a t e l y 5 0 n a n o s e c o n d s . I f t w o 
s u c h p u l s e s , o n e f r o m e a c h h a l f o f t h e c i r c u i t , o v e r l a p i n 
t i m e t h e n t h e f a s t - c o i n c i d e n c e c i r c u i t s e n d s a n o u t p u t 
s i g n a l t o t h e s l o w - c o i n c i d e n c e c i r c u i t . T h e s i n g l e - c h a n n e l 
a n a l y z e r f o l l o w i n g t h e e l e c t r o n d e t e c t o r w a s a d j u s t e d t o 
g i v e a n o u t p u t p u l s e o n l y i f t h e i n p u t p u l s e w a s i n a c e r t a i n 
h e i g h t r a n g e , c o r r e s p o n d i n g t o t h e p a r t i c u l a r c o n v e r s i o n l i n e 
d e s i r e d . I f t h e s l o w - c o i n c i d e n c e c i r c u i t r e c e i v e d s i m u l ­
t a n e o u s s i g n a l s f r o m t h e e l e c t r o n s i n g l e - c h a n n e l a n a l y z e r 
a n d t h e f a s t - c o i n c i d e n c e c i r c u i t , t h e n i t i n t u r n s e n t a n 
o u t p u t p u l s e ( " g a t e " ) t o t h e ADC ( a n a l o g - t o - d i g i t a l c o n v e r t e r ) . 
T h e ADC a n d p a r t o f t h e c o m p u t e r m e m o r y c o r e w e r e u s e d a s a 
m u l t i c h a n n e l p u l s e h e i g h t a n a l y z e r . W h e n g a t e d , t h e ADC 
i n c r e a s e d b y o n e u n i t t h e c o u n t i n t h e c o r e m e m o r y l o c a t i o n 
c o r r e s p o n d i n g t o t h e h e i g h t o f t h e p u l s e f r o m t h e g a m m a 
d e t e c t o r . 
T h e f a s t - c o i n c i d e n c e c i r c u i t c o n t a i n e d v a r i a b l e 
e l e c t r o n i c d e l a y s w h i c h a l l o w e d t h e s i g n a l s f r o m t h e t w o 
d e t e c t o r s t o b e " t i m e a l i g n e d . " P r o v i s i o n f o r s u c h a l i g n m e n t 
i s n e c e s s a r y s i n c e t h e s i g n a l t r a n s m i t t i m e s f o r t h e t w o 
b r a n c h e s m a y n o t b e e q u a l . I n a d d i t i o n , a 1 / 2 - m i c r o s e c o n d 
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d e l a y l i n e c o u l d be s w i t c h e d i n t o e i t h e r i n p u t of t h i s c i r c u i t , 
t o e l i m i n a t e r e a l c o i n c i d e n c e s , when m e a s u r i n g t h e a c c i d e n t a l 
c o i n c i d e n c e r a t e . 
When m e a s u r i n g gamma-gamma c o r r e l a t i o n s , t h e S i (Li ) 
e l e c t r o n d e t e c t o r and i t s p r e a m p l i f i e r were r e p l a c e d by a 
Ge(Li ) gamma d e t e c t o r and an a p p r o p r i a t e p r e a m p l i f i e r . 
The main a m p l i f i e r s , t h e s i n g l e - c h a n n e l p u l s e h e i g h t 
a n a l y z e r s , and t h e c o i n c i d e n c e c i r c u i t s were d e s i g n e d and 
b u i l t by Dr. E. T. P a t r o n i s , J r . The ADC was a N o r t h e r n 
S c i e n t i f i c model NS-625. 
Coun t ing Geometry 
In each e x p e r i m e n t c o n d u c t e d , one r a d i a t i o n d e t e c t o r 
was moveable and t h e o t h e r d e t e c t o r was s t a t i o n a r y . For t h e 
e l e c t r o n - g a m m a c o r r e l a t i o n e x p e r i m e n t s , t h e S i ( L i ) d e t e c t o r 
was t h e s t a t i o n a r y o n e , and f o r t h e gamma-gamma e x p e r i m e n t s 
t h e ORTEC Ge(Li) d e t e c t o r was f i x e d . In each c a s e , t h e 
N u c l e a r Diodes Ge(Li) d e t e c t o r was m o v e a b l e . Th i s l a t t e r 
d e t e c t o r and i t s dewar were s e t on a r o t a t a b l e aluminum 
t a b l e abou t 1.5 m e t e r s i n d i a m e t e r . The t a b l e was c o n n e c t e d 
to a h y d r a u l i c motor by a d r i v e b e l t . 
Dur ing t h e c o u r s e of an e x p e r i m e n t , t h e p o s i t i o n i n g 
of t h e t a b l e was u n d e r t h e c o n t r o l of t h e compu te r . Manual 
c o n t r o l was a l s o a v a i l a b l e f o r c o n v e n i e n c e i n s e t t i n g up t h e 
e x p e r i m e n t . The p o s i t i o n of t h e t a b l e was d e t e r m i n e d 
e l e c t r i c a l l y by means of a v o l t a g e r e a d - o f f sys t em which 
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employed a p o t e n t i o m e t e r whose r o t a t i n g c o n t a c t arm was 
a t t a c h e d t o t h e t a b l e . Th i s s e n s i n g d e v i c e and i t s i n t e r ­
f a c e t o t h e computer were d e s i g n e d and c o n s t r u c t e d by 
P r o f . N. S. K e n d r i c k . 
In t h e e x p e r i m e n t s , d a t a were t a k e n w i t h a n g l e s of 
9 0 ° , 1 3 5 ° , 1 8 0 ° , 2 2 5 ° , and 270° be tween t h e axes of t h e two 
d e t e c t o r s . 
Computer and Data C o l l e c t i o n Program 
A D i g i t a l Equipment C o r p o r a t i o n PDP-8 computer was 
used o n - l i n e t o s t o r e t h e c o i n c i d e n c e coun t d a t a , d i r e c t t h e 
o p e r a t i o n of t a b l e r o t a t i o n a t t h e s p e c i f i e d t i m e s ( a t 
i n t e r v a l s of 30 o r 60 m i n u t e s ) , and t o a p p l y c e r t a i n a c c e p t ­
a b i l i t y c r i t e r i a t o t h e f r e s h b a t c h of d a t a a t t h e end of 
each c o u n t i n g i n t e r v a l . 
The computer sys tem c o n t a i n e d t h r e e c o r e f i e l d s , each 
of 4096 t w e l v e - b i t w o r d s , and abou t 96 ,000 words on t h r e e 
s u r f a c e s of m a g n e t i c d i s k . The DATA p r o g r a m , which c o n t r o l l e d 
t h e e x p e r i m e n t s , r e s i d e d i n one f i e l d of c o r e , and one 
s u r f a c e of m a g n e t i c d i s k was a v a i l a b l e f o r pe rmanen t s t o r a g e 
of d a t a . The r e m a i n i n g c o r e f i e l d s and d i s k memory were 
a v a i l a b l e f o r s i m u l t a n e o u s u s e n o t c o n n e c t e d w i t h t h e c o r r e l a ­
t i o n e x p e r i m e n t s . 
The DATA p r o g r a m , which was d e v e l o p e d by Dr . C. H. 
B r a d e n , a l l o w e d f o r an a u t o m a t i c t e l e t y p e p r i n t o u t of c e r t a i n 
u s e f u l m o n i t o r i n g i n f o r m a t i o n a f t e r each c o u n t i n g i n t e r v a l , 
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and a p r i n t o u t of c o u n t i n g r a t e f o r as many as 63 c h a n n e l s 
cou ld be c a l l e d f o r by t h e t e l e t y p e o p e r a t o r . 
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CHAPTER I I I 
DIRECTIONAL CORRELATION MEASUREMENTS 
The measurements t o be d e s c r i b e d i n t h i s c h a p t e r were 
made i n o r d e r t o d e t e r m i n e an e x p e r i m e n t a l d i r e c t i o n a l 
c o r r e l a t i o n f u n c t i o n , w, of t h e form 
w ( e ) = a Q + a 2 P 2 ( c o s ( 9 ) ) + a 4 P 4 ( c o s ( e ) ) . ( I I I - l ) 
The q u a n t i t y w(9 ) i s t h e e x p e r i m e n t a l l y d e t e r m i n e d c o i n c i ­
dence c o u n t i n g r a t e c o r r e s p o n d i n g t o an a n g l e 6 be tween t h e 
a x e s of t h e two d e t e c t o r s . The c o e f f i c i e n t s a^ , a 2 , and a 4 
were o b t a i n e d by a l e a s t - s q u a r e s f i t t o t h e c o u n t i n g r a t e 
d a t a , a s d e s c r i b e d i n Appendix B. The c o r r e l a t i o n c o e f f i ­
c i e n t s A 2 2 and A^ 4 ( t h e p r i m e s i n d i c a t i n g no c o r r e c t i o n f o r 
s o l i d a n g l e e x t e n s i o n ) were o b t a i n e d as A£ 2 = a 2 / a g and 
A 4 4 = a 4 / a o * T ^ e g e o m e t r i c a l l y c o r r e c t e d c o e f f i c i e n t s , A 2 2 
a n d A 4 4 , o f Eq. (1 -1 ) were t h e n found i n t h e manner d e s c r i b e d 
i n Appendix B. The i n t e r p r e t a t i o n of A 2 2 and A 4 4 f o r 
e l e c t r o n - g a m m a c o r r e l a t i o n s i n t e rms of t h e e l e c t r o n p a r t i c l e 
p a r a m e t e r s , by means of Eq. ( 1 - 3 ) , w i l l be d i s c u s s e d i n 
C h a p t e r IV. 
Source P r e p a r a t i o n 
The s t a b l e n u c l i d e Y b " ^ 8 was o b t a i n e d from Oak Ridge 
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N a t i o n a l L a b o r a t o r y i n t h e form of Yt>203 P o w < i e r , e n r i c h e d 
to abou t 18 p e r c e n t i n t h e y t t e r b i u m i s o t o p e of mass number 
168 . An i r r a d i a t i o n of t h i s compound by t h e r m a l n e u t r o n s 
was c a r r i e d out a t t h e Georg i a Tech R e s e a r c h R e a c t o r , 
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r e s u l t i n g i n t h e p r o d u c t i o n of Yb by n e u t r o n c a p t u r e . The 
i r r a d i a t e d o x i d e was t h e n d i s s o l v e d i n h y d r o c h l o r i c a c i d , 
forming w a t e r - s o l u b l e YbCl^. The a c i d was removed by e v a p ­
o r a t i o n t o d r y n e s s , and t h e y t t e r b i u m c h l o r i d e t h e n r e d i s s o l v e d 
i n w a t e r . 
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A lumin ized myla r f i l m (~0 .8 mg/cm ) was used a s t h e 
s o u r c e b a c k i n g m a t e r i a l . The myla r was g l u e d t o a t h i n 
aluminum s u p p o r t r i n g abou t 3 cm i n d i a m e t e r . A s o u r c e was 
p r e p a r e d by d e p o s i t i n g a drop of t h e c o n c e n t r a t e d r a d i o a c t i v e 
y t t e r b i u m c h l o r i d e s o l u t i o n on to t h e myla r f i l m and t h e n 
a l l o w i n g i t t o d ry c o m p l e t e l y . A f t e r d r y i n g , t h e s o u r c e and 
myla r b a c k i n g were s p r a y e d w i t h a l i g h t c o a t i n g of a c r y l i c 
r e s i n i n o r d e r t o p r e v e n t f l a k i n g of t h e s o u r c e m a t e r i a l . 
The d i a m e t e r of t h e s o u r c e was abou t 5.4 mm. The aluminum 
s o u r c e s u p p o r t r i n g was a t t a c h e d t o a s o u r c e p o s i t i o n e r , 
which i n t u r n was cemented t o t h e b r a s s s u p p o r t - p l a t e of t h e 
vacuum h o u s i n g . 
Gamma Ray and C o n v e r s i o n E l e c t r o n Energy S p e c t r a 
169 
F i g u r e 3 shows t h e l o w - e n e r g y p o r t i o n of t h e Tm 
gamma r a y d e - e x c i t a t i o n s p e c t r u m , o b t a i n e d w i t h one of t h e 
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F i g u r e 3 . R e l e v a n t P o r t i o n of Tm Gamma Ray Spec t rum, as Observed 
by One of t h e Ge(Li) D e t e c t o r s 
25 
of ene rgy 110 , 1 3 0 . 5 , 177 , and 198 keV. 
F i g u r e 4 shows t h e r e s p o n s e of t h e Si (L i ) d e t e c t o r t o 
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t h e Tm decay r a d i a t i o n s . Each l i n e l a b e l e d "M" a l s o 
c o n t a i n s c o n t r i b u t i o n s from N and 0 s h e l l e l e c t r o n s . The 
ene rgy r e s o l u t i o n of t h e e l e c t r o n d e t e c t i o n sys tem was 
l i m i t e d by t h e r m a l n o i s e g e n e r a t e d i n t h e d e t e c t o r and i t s 
p r e a m p l i f i e r . The n o i s e from t h e S i ( L i ) d e t e c t o r was 
r e d u c e d by o p e r a t i n g i t i n c o n j u n c t i o n w i t h a t h e r m o - e l e c t r i c 
c o o l e r , as d e s c r i b e d in C h a p t e r I I . The p r e a m p l i f i e r 
f o l l o w i n g t h e Si (Li ) d e t e c t o r was a H e w l e t t P a c k a r d model 
5554A. 
Measurement P r o c e d u r e 
P r i o r t o t h e s t a r t of t h e e x p e r i m e n t s , t h e s o u r c e was 
c e n t e r e d by a d j u s t i n g i t s p o s i t i o n u n t i l t h e c o u n t i n g r a t e s 
of t h e moveable d e t e c t o r were as n e a r l y e q u a l as p o s s i b l e a t 
t h e 9 0 ° , 1 8 0 ° , and 270° p o s i t i o n s . G e n e r a l l y , t h e s e r a t e s 
were w i t h i n abou t 2 p e r c e n t of each o t h e r . 
The c o i n c i d e n c e t ime a l i g n m e n t was accompished i n t h e 
f o l l o w i n g manner . Two decay r a d i a t i o n s i n prompt c o i n c i d e n c e 
w i t h each o t h e r were s e l e c t e d , and one of t h e s i n g l e - c h a n n e l 
a n a l y z e r s ( r e f e r t o F i g u r e 2) was a d j u s t e d t o a c c e p t t h e 
f i r s t of t h e s e r a d i a t i o n s , w h i l e t h e o t h e r a n a l y z e r was 
a d j u s t e d t o a c c e p t t h e second r a d i a t i o n . A s l o w - c o i n c i d e n c e 
( i . e . , e n e r g y ) r e q u i r e m e n t was p l a c e d on t h e o u t p u t s of b o t h 
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r e q u i r e m e n t on t h e a m p l i f i e r o u t p u t s . The r e s u l t i n g 
c o i n c i d e n c e c o u n t i n g r a t e was r e c o r d e d f o r d i f f e r e n t t ime 
d e l a y s in one of t h e s i g n a l b r a n c h e s . The c e n t e r of t h e 
t ime d e l a y r e g i o n which gave t h e h i g h e s t c o u n t i n g r a t e was 
used f o r t h e a c t u a l e x p e r i m e n t s , and f o r t h e s e t h e s low-
c o i n c i d e n c e r e q u i r e m e n t was removed from t h e moveable 
d e t e c t o r ' s s i g n a l b r a n c h . 
The e x p e r i m e n t s were pe r fo rmed by r e p e a t e d c o u n t i n g 
a t each a n g l e , i n a d e f i n i t e s e q u e n c e , f o r p e r i o d s of e i t h e r 
30 o r 60 m i n u t e s . The l o n g e r i n t e r v a l was used i n t h o s e 
c o r r e l a t i o n measurements w i t h lower c o u n t i n g r a t e s . The 
t o t a l c o u n t i n g t ime f o r t h e d i f f e r e n t c o r r e l a t i o n s v a r i e d 
from two days t o two weeks , a g a i n d e p e n d i n g on t h e c o u n t i n g 
r a t e . 
A c c i d e n t a l c o i n c i d e n c e c o u n t s were t a k e n by s w i t c h i n g 
a 1 / 2 - m i c r o s e c o n d t ime d e l a y i n t o one of t h e d e t e c t o r s i g n a l 
p a t h s . The a c c i d e n t a l r a t e was presumed t o be i s o t r o p i c 
w i t h r e s p e c t t o t h e a n g l e be tween t h e two d e t e c t o r s , and t h e 
a c c i d e n t a l c o u n t i n g r a t e s f o r a l l t h e d i f f e r e n t a n g l e s were 
a u t o m a t i c a l l y combined i n t o one a v e r a g e a c c i d e n t a l r a t e by 
t h e computer d u r i n g t h e c o u r s e of each e x p e r i m e n t . 
The number of c o u n t s i n a c o i n c i d e n c e s p e c t r u m peak 
was d e t e r m i n e d by a l e a s t - s q u a r e s f i t of a G a u s s i a n peak and 
l i n e a r background t o t h e e x p e r i m e n t a l d a t a p o i n t s , by means 
of a computer p r o g r a m . 
The d i s t a n c e be tween t h e s o u r c e and t h e Si (L i ) 
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d e t e c t o r was measured w i t h a t r a v e l i n g m i c r o s c o p e , and was 
found t o be 20 .5 mm. Th i s s o u r c e - t o - d e t e c t o r d i s t a n c e was 
t h e same f o r a l l e x p e r i m e n t s i n v o l v i n g c o n v e r s i o n e l e c t r o n s . 
The d i a m e t e r of t h e s o u r c e i t s e l f was a p p r o x i m a t e l y 5.4 mm. 
The g e o m e t r i c a l c o r r e c t i o n s t o t h e c o r r e l a t i o n 
c o e f f i c i e n t s were c a r r i e d ou t by two m e t h o d s . The f i r s t 
method was s imp ly a c o r r e c t i o n f o r d e t e c t o r s o l i d a n g l e . 
The second method was a p r o c e d u r e d e v e l o p e d by F e i n g o l d and 
F r a n k e l [27] which i n c o r p o r a t e s a c o r r e c t i o n f o r s o u r c e s i z e 
t o g e t h e r w i t h t h e c o r r e c t i o n f o r d e t e c t o r s o l i d a n g l e . As 
e x p l a i n e d i n Appendix B, t h e two c o r r e c t i o n p r o c e d u r e s gave 
p r a c t i c a l l y i d e n t i c a l r e s u l t s . 
The c o i n c i d e n c e r e s o l v i n g t ime of t h e sys t em was 
measured by a method employing two r a d i o a c t i v e s o u r c e s w e l l -
s e p a r a t e d from each o t h e r . The measurement y i e l d e d 
2T = 49 n a n o s e c o n d s . 
C o r r e l a t i o n s I n v o l v i n g C o n v e r s i o n E l e c t r o n s 
The t h r e e d i r e c t i o n a l c o r r e l a t i o n s measured i n v o l v i n g 
c o n v e r s i o n e l e c t r o n s were t h o s e of t h e 1 9 8 y / 1 1 0 e ^ , 198e^ / 
110y, and 1 7 7 e ^ / 1 3 0 . 5 y c a s c a d e s . In each c a s e , t h e s i n g l e -
c h a n n e l a n a l y z e r f o l l o w i n g t h e Si (L i ) d e t e c t o r was a d j u s t e d 
t o a c c e p t t h e c o n v e r s i o n e l e c t r o n e ne rgy d e s i r e d , and t o 
e x c l u d e a l l o t h e r e n e r g i e s i n so f a r as p o s s i b l e . The 
r e s u l t s of measurements on t h e s e c a s c a d e s a r e summarized i n 
T a b l e 1 . 
l e 1 . Summary of E x p e r i m e n t a l R e s u l t s f o r C o r r e l a t i o n Measurements 
I n v o l v i n g C o n v e r s i o n E l e c t r o n s of T m 1 6 9 
R d e n o t e s t h e r a t i o of t h e r e a l c o i n c i d e n c e r a t e a t 180° 
t o t h e a c c i d e n t a l c o i n c i d e n c e r a t e . S i s t h e r a t i o of 
t h e r e a l c o i n c i d e n c e r a t e a t 90° t o t h a t a t 2 7 0 ° . The 
e s t i m a t e d u n c e r t a i n t i e s i n A 9 7 and A„ . a r e s t a n d a r d 
d e v i a t i o n s . L L 4 4 
Cascade R CO A 2 2 A 4 4 
1 9 8 y / H 0 e L 3.5 1.02 
- 0 . 0 1 2 ± 0 . 0 1 1 0 .050±0 .015 
1 9 8 e L / 1 1 0 y 20 0 .995 0 .106±0 .012 
- 0 . 0 4 3 ± 0 . 0 1 5 
1 7 7 e L / 1 3 0 . 5 y 21 1.015 
- 0 . 0 0 7 ± 0 . 0 1 1 - 0 . 0 5 1 ± 0 . 0 1 5 
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1 9 8 y / 1 1 0 e L Cascade 
The e l e c t r o n a n a l y z e r "window" used i s i n d i c a t e d by 
segment A of t h e o r d i n a t e a x i s of F i g u r e 4 . The d i s t a n c e 
from t h e s o u r c e t o t h e f r o n t f a c e of t h e Ge(Li) c r y s t a l was 
8 .8 cm. The g e o m e t r i c a l c o r r e c t i o n f a c t o r s w e r e : Q 2 ( e ) = 
0 . 9 3 5 7 , Q 4 ( e ) = 0 . 7 9 6 5 , Q 2 ( y ) = 0 . 9 7 8 , Q 4 ( y ) = 0 . 9 2 7 . The 
v a l u e s of Q 2 ( e ) a n d Q ^ e ) a r e t n e same t h r o u g h o u t a l l t h e s e 
e x p e r i m e n t s . A t o t a l of a b o u t 10 ,000 r e a l c o i n c i d e n c e 
c o u n t s was a c c u m u l a t e d a t t h e 180° p o s i t i o n . 
1 9 8 e L / 1 1 0 y Cascade 
Segment B i n F i g u r e 4 i n d i c a t e s t h e e l e c t r o n a n a l y z e r 
window u s e d . The d i s t a n c e from t h e s o u r c e t o t h e Ge(Li) 
d e t e c t o r was 8 .1 cm. The Ge(Li ) g e o m e t r i c a l c o r r e c t i o n 
f a c t o r s w e r e : Q 2 ( y ) = 0 . 9 7 4 , Q 4 ( y ) = 0 . 9 1 4 . About 10 ,200 
r e a l c o i n c i d e n c e c o u n t s were o b t a i n e d a t 1 8 0 ° . 
1 7 7 e L / 1 3 0 . 5 y Cascade 
The e l e c t r o n a n a l y z e r s e t t i n g i s i n d i c a t e d by segment 
C i n F i g u r e 4 . The Ge(Li) d e t e c t o r was 8 . 1 cm from t h e 
s o u r c e . The c o r r e c t i o n f a c t o r s f o r t h i s d e t e c t o r w e r e : 
Q 2 ( Y ) = 0 . 9 7 4 , Q 4 ( Y ) = 0 . 9 1 4 . A t o t a l of a p p r o x i m a t e l y 9290 
r e a l c o i n c i d e n c e c o u n t s was c o l l e c t e d a t 1 8 0 ° . 
Gamma-Gamma D i r e c t i o n a l C o r r e l a t i o n s 
The two gamma-gamma d i r e c t i o n a l c o r r e l a t i o n s i n v e s t i ­
g a t e d were t h o s e of t h e 1 9 8 y / U 0 y and t h e 1 7 7 y / 1 3 0 . 5 y 
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c a s c a d e s . Two Ge(Li ) d e t e c t o r s were used i n t h e s e m e a s u r e ­
m e n t s . The r e s u l t s a r e summarized i n T a b l e 2. 
For t h e 198y/110y c a s c a d e , t h e s i n g l e - c h a n n e l a n a l y z e r 
f o l l o w i n g t h e s t a t i o n a r y ORTEC d e t e c t o r was a d j u s t e d t o a c c e p t 
on ly t h e 198 keV gamma l i n e . The s o u r c e - t o - d e t e c t o r d i s t a n c e s 
f o r t h e s t a t i o n a r y and moveable d e t e c t o r s were 7 .5 cm and 
8 .1 cm, r e s p e c t i v e l y . The g e o m e t r i c a l c o r r e c t i o n f a c t o r s 
w e r e : Q 2 ( 1 9 8 ) = 0 . 9 7 2 , Q 2 ( 1 1 0 ) = 0 . 9 7 2 , Q 4 ( 1 9 8 ) = 0 . 9 0 8 , 
Q 4 ( 1 1 0 ) = 0 . 9 0 8 . The t o t a l number of r e a l c o i n c i d e n c e c o u n t s 
a t 180° was abou t 4 3 , 7 0 0 . 
For t h e 1 7 7 y / 1 3 0 . 5 y c a s c a d e , t h e a n a l y z e r was made t o 
a c c e p t o n l y t h e 177 keV gamma l i n e . The s t a t i o n a r y d e t e c t o r 
was a t t h e same d i s t a n c e from t h e s o u r c e as i n t h e 198y/110y 
e x p e r i m e n t , and t h e moveable d e t e c t o r was a t a d i s t a n c e of 
8 .0 cm. The g e o m e t r i c a l c o r r e c t i o n f a c t o r s w e r e : Q 2 ( 1 7 7 ) = 
0 . 9 7 2 , Q 2 ( 1 3 0 . 5 ) = 0 . 9 7 2 , Q 4 ( 1 7 7 ) = 0 . 9 0 6 , Q 4 ( 1 3 0 . 5 ) = 0 . 9 0 8 . 
About 40 ,800 r e a l c o i n c i d e n c e c o u n t s were r e c o r d e d a t t h e 
180° p o s i t i o n . 
T a b l e 2 . Summary of E x p e r i m e n t a l R e s u l t s f o r C o r r e l a t i o n 
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Measurements on Gamma-Gamma Cascades i n Tm 
See Tab le 1 f o r d e f i n i t i o n s of symbols u s e d . 
Cascade R CO A 2 2 44 
1 9 8 y / 1 1 0 y 9 .7 1.04 0 .320±0 .006 - 0 . 0 1 8 ± 0 . 0 0 7 
1 7 7 y / 1 3 0 . 5 y 14 0 .98 0 .257±0 .007 0 .015±0 .009 
33 
CHAPTER IV 
INTERPRETATION OF RESULTS, AND CONCLUSIONS 
The gamma-gamma d i r e c t i o n a l c o r r e l a t i o n c o e f f i c i e n t s 
of t y p e A 2 2 t h a t a r e l i s t e d i n Tab le 2 a r e c o m p a t i b l e w i t h 
t h e r a n g e of e x p e r i m e n t a l v a l u e s o b t a i n e d by o t h e r i n v e s t i ­
g a t o r s ( 1 5 , 1 8 - 2 5 ) . The A 4 4 c o e f f i c i e n t f o r t h e 177Y/130.5Y 
c o r r e l a t i o n i s w i t h i n t h e r a n g e of p r e v i o u s measurements of 
t h i s q u a n t i t y , w h i l e A 4 4 f o r t h e 198Y/110Y c o r r e l a t i o n i s 
somewhat l e s s t h a n p u b l i s h e d v a l u e s . 
The v a l u e s of A 2 2 ( e L , y ) / A 2 2 ( y , y ) , or A 2 2 ( Y , e L ) / A 2 2 ( y , y ) , 
as t h e c a s e may b e , a r e l i s t e d i n Tab le 3 . Each such r a t i o , 
d e n o t e d by b 2 , i s a w e i g h t e d sum of p a r t i c l e p a r a m e t e r s f o r 
L L 
t h e L s u b s h e l l s . (For b r e v i t y , q u a n t i t i e s such as b 2 o r b 4 
w i l l h e r e a f t e r be r e f e r r e d t o as p a r t i c l e p a r a m e t e r s , a l s o . ) 
Also t a b u l a t e d a r e t h e t h e o r e t i c a l v a l u e s f o r t h e s e same 
q u a n t i t i e s . The l a t t e r were c a l c u l a t e d on t h e b a s i s of 
t h e o r e t i c a l l y computed p a r t i c l e p a r a m e t e r s (7) and p a r t i a l 
i n t e r n a l c o n v e r s i o n c o e f f i c i e n t s (8) and t h e e x p e r i m e n t a l l y 
d e t e r m i n e d mix ing r a t i o (17) fo r t h e t r a n s i t i o n i n q u e s t i o n . 
E x p e r i m e n t a l l y De te rmined P a r t i c l e P a r a m e t e r s 
When t h e e l e c t r o n - g a m m a c o r r e l a t i o n e x p e r i m e n t s were 
f i r s t u n d e r t a k e n , t h e gamma r a y s were u s e d f o r t h e c o i n c i d e n c e 
g a t e s . However, t h e c o n g e s t e d n a t u r e of t h e c o n v e r s i o n 
T a b l e 3 . T h e o r e t i c a l and E x p e r i m e n t a l P a r t i c l e P a r a m e t e r s , 
of Type b 7 , f o r T r a n s i t i o n s i n T m 1 6 9 
T h e o r e t i c a l v a l u e s a r e l i s t e d f o r t h e L^, L 2 , and 
L 3 s u b s h e l l s , and f o r t h e t o t a l L and M s h e l l s , 
t o g e t h e r w i t h t h e e x p e r i m e n t a l r e s u l t s o b t a i n e d 
i n t h i s i n v e s t i g a t i o n f o r t h e t o t a l L s h e l l . 
S h e l l , o r 
S u b s h e l l b 2 ( 1 9 8 keV) b 2 ( 1 7 7 keV) b 2 ( 1 1 0 keV) 
L i 0.1675 0 .0846 0 .0388 
L 2 1.2475 0 .2226 1.0042 
L 3 1.2977 - 0 . 0 6 8 6 0 .8908 
L ( t o t a l ) 0 .358 0 .093 0 .179 
M ( t o t a l ) 0 .368 0 . 1 0 1 0.198 
L, E x p t . 0 .331±0 .038 - 0 . 0 2 7 ± 0 . 0 4 5 - 0 . 0 3 7 ± 0 . 0 3 6 
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e l e c t r o n s p e c t r u m (or a l t e r n a t i v e l y , t h e l a c k of r e s o l u t i o n 
of t h e S i (L i ) d e t e c t o r ) , t o g e t h e r w i t h a n o t i n c o n s i d e r a b l e 
a c c i d e n t a l c o i n c i d e n c e r a t e i n some c a s e s , made t h e p r o c e s s 
of s e p a r a t i n g t h e peaks ( i n t h e c o i n c i d e n c e s p e c t r a ) and t h e 
d e t e r m i n a t i o n of t h e a r e a s of t h e p e a k s v e r y d i f f i c u l t and 
s e n s i t i v e t o s m a l l p e r t u r b a t i o n s of t h e a n a l y s i s p r o c e d u r e . 
T h e r e f o r e , t h e d e c i s i o n was made t o g a t e on t h e c o n v e r s i o n 
e l e c t r o n s i n s t e a d , a l t h o u g h t h i s p r o c e d u r e would n o t g i v e as 
p u r e a g a t e as t h e o t h e r method d i d . 
b 2 ( 1 9 8 keV) 
The e x p e r i m e n t a l v a l u e of b 2 ( 1 9 8 keV) i s 0 . 3 3 1 ± 0 . 0 3 8 , 
and t h e t h e o r e t i c a l l y c a l c u l a t e d v a l u e i s 0 . 3 5 8 . Thus , t h e 
e x p e r i m e n t a l and t h e o r e t i c a l v a l u e s a r e e s s e n t i a l l y i n 
a g r e e m e n t . 
b 2 ( 1 7 7 keV) 
For t h e 177 keV t r a n s i t i o n , t h e v a l u e b^ = - 0 . 0 2 7 ± 0 . 0 4 5 
was o b t a i n e d . The t h e o r e t i c a l v a l u e i s 0 . 0 9 3 . T h i s 
d i s c r e p a n c y i s somewhat u n e x p e c t e d i n view of t h e b a s i c 
ag reemen t f o r t h e 198 keV t r a n s i t i o n . However, t h e h a l f l i f e 
of t h e 139 keV l e v e l ( t h e i n t e r m e d i a t e s t a t e f o r t h e 
177 k e V / 1 3 0 . 5 keV c a s c a d e ) i s abou t f ou r t i m e s as long as 
t h e h a l f l i f e of t h e 118 keV l e v e l ( t h e i n t e r m e d i a t e s t a t e 
f o r t h e 198 keV/110 keV c a s c a d e ) . Moreover , t h e m a g n e t i c 
d i p o l e moment f o r t h e 139 keV l e v e l i s g r e a t e r t h a n t h e 
m a g n e t i c moment of t h e 118 keV l e v e l by a f a c t o r of r o u g h l y 
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1 .8 . Thus , ( P T ) ^ 2 9 z 8 x ( u * r ) ^ g . I t may be p o s s i b l e t h a t a 
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h y p e r f i n e i n t e r a c t i o n be tween t h e Tm n u c l e u s a t t h e 139 
keV l e v e l and t h e d i s r u p t e d e l e c t r o n s h e l l ( f o l l o w i n g t h e 
f i r s t t r a n s i t i o n , which was c o n v e r t e d ) i s s u f f i c i e n t t o 
c o n s i d e r a b l y a f f e c t t h e 1 7 7 e ^ / 1 3 0 . 5 y c o r r e l a t i o n , whereas 
t h e same t y p e of i n t e r a c t i o n migh t n o t be a b l e t o a f f e c t t h e 
198e^ /110y c o r r e l a t i o n t o n e a r l y t h e same e x t e n t . 
b^CHO keV) 
For t h e 110 keV t r a n s i t i o n , t h e b^ v a l u e found was 
- 0 . 0 3 7 ± 0 . 0 3 6 . The t h e o r e t i c a l l y p r e d i c t e d v a l u e i s 0 . 1 7 9 . 
The c a s c a d e used i n t h e measurement of b 2 ( 1 1 0 keV) was t h e 
same one as used i n t h e measurement of b 2 ( 1 9 8 keV) , and 
f u r t h e r m o r e t h e f i r s t t r a n s i t i o n was n o t c o n v e r t e d i n t h i s 
c a s e . P resumably t h e n , a h y p e r f i n e i n t e r a c t i o n be tween t h e 
n u c l e u s and t h e e l e c t r o n s h e l l would n o t be r e s p o n s i b l e f o r 
t h e d i f f e r e n c e be tween t h e e x p e r i m e n t a l and t h e o r e t i c a l 
v a l u e s . The k i n e t i c e n e r g y of t h e c o n v e r t e d L s h e l l e l e c t r o n s 
fo r t h i s t r a n s i t i o n i s a b o u t 100 keV, which i s a r e l a t i v e l y 
low e n e r g y . So i n t h i s c a s e , i t may be t h a t e l e c t r o n 
s c a t t e r i n g i n t h e s o u r c e had a s i g n i f i c a n t e f f e c t on t h e 
c o r r e l a t i o n . 
b^ V a l u e s f o r t h e 198 keV, 177 keV, and 110 keV T r a n s i t i o n s 
The e x p e r i m e n t a l v a l u e s f o r t h e q u a n t i t i e s b^ ( i n 
Tab le 4) a r e p r o b a b l y i n c o n c l u s i v e , b e c a u s e of t h e r e l a t i v e l y 
l a r g e u n c e r t a i n t i e s i n t h e A d . ( y , y ) c o r r e l a t i o n c o e f f i c i e n t s . 
Tab le 4 . T h e o r e t i c a l and E x p e r i m e n t a l P a r t i c l e P a r a m e t e r s , 
of Type b , , fo r T r a n s i t i o n s i n T m 1 6 9 
The format f o l l o w s t h a t of T a b l e 3 . 
S h e l l , o r 
S u b s h e l l b 4 ( 1 9 8 keV) b 4 ( 1 7 7 keV) b 4 ( 1 1 0 keV) 
L l - 0 . 1 6 0 4 - 0 . 1 8 0 0 - 0 . 1 5 4 2 
L 2 2 .8498 2 .3391 6 .6515 
L 3 4 .5342 2.9412 13 .7091 
L ( t o t a l ) 0 .450 0 .509 1.154 
M ( t o t a l ) 0 .524 0 .588 1.287 
L, E x p t . 2 3 9 + 2 ' 9 Z
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CHAPTER V 
SUGGESTIONS FOR FUTURE RESEARCH 
The r e l a t i v e l y crowded n a t u r e of t h e Tm"^ 9 c o n v e r s i o n 
e l e c t r o n s p e c t r u m seems t o demand a d e g r e e of r e s o l u t i o n 
such as would o n l y be a v a i l a b l e i n a d e f l e c t i o n t y p e 
s p e c t r o m e t e r . A sys t em employing a m a g n e t i c s p e c t r o m e t e r 
f o r s e l e c t i o n of c o n v e r s i o n e l e c t r o n s and a sodium i o d i d e 
gamma d e t e c t o r would p r o b a b l y be a d e q u a t e f o r s t u d y of 
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s e v e r a l of t h e d i r e c t i o n a l c o r r e l a t i o n s a v a i l a b l e i n Tm 
Some c a s c a d e s o t h e r t h a n t h e ones c o n s i d e r e d in t h i s i n v e s t i ­





OUTLINE OF THE THEORETICAL FORMALISM 
For an i n v e s t i g a t i o n such as t h i s , t h e fundamen ta l 
r e s u l t s of d i r e c t i o n a l c o r r e l a t i o n t h e o r y a r e c o n t a i n e d i n 
e q u a t i o n s (1 - 1 ) , (1 - 2 ) , and (1 - 3 ) , t o g e t h e r w i t h t h e d e f i n i ­
t i o n s of t h e q u a n t i t i e s a p p e a r i n g i n t h o s e e q u a t i o n s . The 
deve lopment of t h e t h e o r y i s p r e s e n t e d i n t h i s a p p e n d i x i n 
o u t l i n e form, p r i m a r i l y as a summary of t h e d e t a i l e d t r e a t ­
ment by H. J . Rose and D. M. Br ink ( 5 ) . O the r e x p o s i t i o n s 
of t h e g e n e r a l t h e o r y of a n g u l a r c o r r e l a t i o n s a r e t h o s e of 
L. C. B i e d e n h a r n and M. E. Rose ( 3 , 2 8 ) , B i e d e n h a r n ( 4 ) , and 
F r a u e n f e l d e r and S t e f f e n ( 1 ) . 
T r a n s i t i o n P r o b a b i l i t y f o r E m i s s i o n of Gamma Rays 
The b a s i c p rob lem i s t o d e r i v e an e x p r e s s i o n f o r t h e 
t r a n s i t i o n p r o b a b i l i t y , w, from an i n i t i a l n u c l e a r s t a t e |X> 
t o a f i n a l s t a t e c o n s i s t i n g of t h e n u c l e a r s t a t e |y> and a 
p h o t o n s t a t e | £ , c > . H e r e , £ i s t h e p r o p a g a t i o n v e c t o r of t h e 
p h o t o n and e i s t h e p h o t o n p o l a r i z a t i o n v e c t o r . We s e t 
k = | £ | , and t a k e | e | = 1 . From f i r s t - o r d e r p e r t u r b a t i o n 
t h e o r y , we have 
u > ( X - n i + = ^ | < y , ( J , ? ) | V | X > | 2 p ( E ) , ( A - l ) 
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where V i s t h e i n t e r a c t i o n p r o d u c i n g t h e t r a n s i t i o n , and 
p(E) i s t h e d e n s i t y of f i n a l cont inuum pho ton s t a t e s . The 
p h o t o n e n e r g y , E, i s e q u a l t o nek . 
N e x t , we u s e t h e s t a n d a r d t e c h n i q u e of n o r m a l i z i n g 
t h e p h o t o n s t a t e s i n a c u b i c a l box w i t h s i d e L, and p e r i o d i c 
boundary c o n d i t i o n s . For p h o t o n s w i t h a d e f i n i t e p o l a r i z a ­
t i o n , t h e d e n s i t y of s t a t e s p e r u n i t e n e r g y p e r u n i t s o l i d 
a n g l e i s 
i A 2 
p(E) = - . (A-2) 
T1C(27T)° 
From quantum f i e l d t h e o r y , t h e i n t e r a c t i o n V can be 
e x p r e s s e d as 
V = - ( ^ - ) Z (2g 0 p . X ( r ) + g 3 . f i ( r J ) . (A-3) 
n 
The q u a n t i t i e s g ^ n and g g n a r e o r b i t a l and s p i n g - f a c t o r s , 
r e s p e c t i v e l y , f o r t h e n 1 t h n u c l e o n . The v e c t o r p o t e n t i a l 
J , a p p e a r i n g i n t h e p r e c e d i n g e q u a t i o n i s a f i e l d o p e r a t o r 
and may be expanded i n t h e form 
1 
X ( r ) = Z ( ^ ) 2 [ ? e x p ( i t r ) a , + e * e x p ( - i t . r ) a * ] . (A-4) 
k ,n i A n K n n K r ) 
In Eq. ( A - 3 ) , fi(rn) = c u r l ( X ( r n ) ) . The q u a n t i t i e s a£ and 
a r e c r e a t i o n and a n n i h i l a t i o n o p e r a t o r s , r e s p e c t i v e l y , 
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f o r a p h o t o n w i t h wave v e c t o r £ and p o l a r i z a t i o n e . (The 
s u p e r s c r i p t "+" d e n o t e s t h e o p e r a t o r a d j o i n t , and d e n o t e s 
t h e complex c o n j u g a t e . ) 
On s u b s t i t u t i n g Eq. (A-4) i n t o Eq. ( A - 3 ) , V may be 
e x p r e s s e d i n t h e form 
1 
(A-5) 
w h e r e , 
H a ( £ , e ) = - ( | ^ _ ) [ 2 g £ p * e e x p ( i S - r ) + g g 3 « c u r l { e e x p ( i S « r ) } ] , 
(A-6) 
and 
H e ( t f e ) = [ H a ( K , £ ) ] + . (A-7) 
In t h e l a s t t h r e e e q u a t i o n s , and from h e r e on , i t i s 
i m p l i c i t l y assumed t h a t t h e sum ove r a l l i n d i v i d u a l n u c l e o n s 
has been c a r r i e d o u t . 
N o t i n g t h a t o n l y t h e te rm i n V which c o n t a i n s t h e 
c r e a t i o n o p e r a t o r f o r t h e p h o t o n s t a t e ( £ , e ^ ) w i l l c o n t r i b u t e 
t o t h e m a t r i x e l emen t of Eq. ( A - l ) , we have 
1 
< y , ( K , ? ) | V | A > = ( ^ £ ) 2 <A|H ( £ , e ) | u > * , (A-8) 
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whence 
0) (A-Mi +(lc.e)) - ^ | < X | H a ( « , £ ) | y > | 2 . (A-9) 
The n e x t s t e p i s t o e x p r e s s t h e m a t r i x e l emen t 
a p p e a r i n g i n Eq. (A-9) in t e r m s of m a t r i x e l e m e n t s of c e r t a i n 
i n t e r a c t i o n m u l t i p o l e o p e r a t o r s , F o l l o w i n g a s e r i e s of 
s t r a i g h t f o r w a r d , b u t somewhat l e n g t h y , m a n i p u l a t i o n s t h e 
H a m i l t o n i a n H a ( £ , £ ^ ) ( f o r a c i r c u l a r l y p o l a r i z e d p l a n e wave 
i n t e r a c t i n g w i t h n u c l e o n s ) can be w r i t t e n as 
Ha(*'V = *
 L > £ > l r ^ ^ ° M q L ( R ) - ( A " 1 0 ) 
f i r " ) 
The m u l t i p o l e o p e r a t o r s T £ ^ t r a n s f o r m l i k e s p h e r i c a l 
t e n s o r s of r ank L unde r r o t a t i o n s . The s u p e r s c r i p t i t t a k e s 
t h e v a l u e ze ro f o r e l e c t r i c i n t e r a c t i o n m u l t i p o l e o p e r a t o r s , 
and u n i t y f o r m a g n e t i c m u l t i p o l e o p e r a t o r s . The c i r c u l a r 
p o l a r i z a t i o n i s d e n o t e d by q , and q can o n l y be 1 o r - 1 . 
The D j^q a r e r o t a t i o n m a t r i c e s . R i s t h e r o t a t i o n which t a k e s 
t h e z - a x i s i n t o t h e d i r e c t i o n t.. 
For a n u c l e a r s t a t e which i s a l i g n e d w i t h r e s p e c t t o 
an a x i s of c y l i n d r i c a l symmetry , t h e s t a t e s |X> and |u> can 
be s p e c i f i e d i n t e rms of t h e i r a n g u l a r momentum quantum n u m b e r s , 
|X> = |J^M^> and |u> = |J2M2>. The m a g n e t i c quantum numbers 
r e f e r t o t h e a x i s of c y l i n d r i c a l symmetry. 
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N e x t , w e a s s u m e t h a t t h e o r i e n t a t i o n o f t h e s p i n J 2 
i s n o t o b s e r v e d . T h e n t h e p r o b a b i l i t y , P M q ( i " ) , f o r e m i s s i o n 
f r o m t h e i n i t i a l s t a t e i s g i v e n b y 
P M q ( { ) = Z a ) ( J 1 M 1 - J 2 M 2 + ( S , ? q ) ) . ( A - l l ) 
1 M 2 
M a k i n g u s e o f E q s . ( A - 9 ) a n d ( A - 1 0 ) , w e m a y w r i t e 
1 M 2 L , M , 7 T N 
I f t h e p o l a r i z a t i o n i s n o t o b s e r v e d , t h e n a n i n c o h e r e n t s u m 
o v e r q m u s t b e p e r f o r m e d . 
We n o w r e s t r i c t a t t e n t i o n t o t h e c a s e t h a t t h e 
r a d i a t i n g s y s t e m i s i n a c y l i n d r i c a l l y s y m m e t r i c e n v i r o n m e n t . 
W i t h t h e z - a x i s c h o s e n t o b e a l o n g t h e s y m m e t r y a x i s , M^ i s 
a c o n s t a n t o f t h e m o t i o n . H e n c e , t h e t o t a l r a d i a t i v e 
p r o b a b i l i t y , P q ( £ ) , f o r p h o t o n s a l o n g 1c w i l l b e f o u n d b y 
w e i g h t i n g e a c h w i t h t h e p o p u l a t i o n p r o b a b i l i t y v ( M ^ ) 
o f t h e s u b s t a t e M ^ , a n d s u m m i n g . 
P q ( £ ) = Z v ( M x ) P M q ( £ ) . (A-13) 
M^ 1 
H e r e , Z v ( M . | ) = 1, a n d P M q ( £ ) i s g i v e n b y E q . ( A - 1 2 ) . 
M^ 1 
M a k i n g u s e o f t h e W i g n e r - E c k a r t t h e o r e m , 
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< J 1 M 1 | T L M | J £ M 2 > = ( - 1 ) 2 L ( J 2 , L , M 2 , M | J 1 > M 1 ) x < J ± \ | T L | | J 2 > , 
( A - 1 4 ) 
and t h e p r o p e r t i e s o f t h e r o t a t i o n m a t r i c e s , a n d a f t e r 
c o n s i d e r a b l e a l g e b r a i c m a n i p u l a t i o n , we f i n d t h a t t h e t o t a l 
r a d i a t i v e p r o b a b i l i t y , P ( £ ) , a f t e r summing o v e r u n o b s e r v e d 
c i r c u l a r p o l a r i z a t i o n s t a t e s , i s g i v e n a s 
C ^ f ) Z B K ( J 1 ) R K ( L ' L ' » J 1 » J 2 3 P K ( C O S ( 0 ) ) x 
L , L ' , K , 7T , 7T ' 
<T M t I I T > <T M t ^ ' ^ I I T >* 
r i + r -| >. L + L ' +TT+TT ' ~ K-. < J l ' I Lh 1 1 J 2 > „ < J l ' l i L » H J 2 > 
( 2 L 1 + l ) 1 / z ( 2 L » + 1 ) 1 / Z 
1
 ( A - 1 5 ) 
The q u a n t i t i e s a p p e a r i n g i n E q . ( A - 1 5 ) w h i c h h a v e n o t b e e n 
p r e v i o u s l y d e f i n e d a r e g i v e n b e l o w : 
1 
J-.-M-, 2 
\(J±) = 2 [ v ( M x ) ( - l ) 1 1 ( 2 J 1 + 1 ) x ( J J M 1 , - M 1 | K , 0 ) ] ; 
M 
( A - 1 6 ) 
1 + J n - J ? + L ' - L - K 
R K ( L , L ' , J 1 , J 2 ) = ( - 1 ) 
1 
[ ( 2 J 1 + 1 ) ( 2 L + 1 ) ( 2 L ' + 1 ) ] 2 ( L , L ' , 1 , - 1 | K , 0 ) x W ( J X , J ± , L , L ' ; K , J J . 
(A-17 ) 
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W ( J ^ , , L , L ' : K , J 2 ) i s a R a c a h c o e f f i c i e n t . 
T h e m i x i n g r a t i o i s d e f i n e d a s 
f i r l < J 1 | T f ( T r ) J 2 > / ( 2 L + 1 ) 1 / 2 
L
 < J X | | T l T r J I I J > / ( 2 L + l ) i / Z 
I t c a n a l w a y s b e c h o s e n t o b e r e a l , w h i c h w e a s s u m e h a s b e e n 
d o n e . T h e l o w e s t - o r d e r m u l t i p o l a r i t y o c c u r r i n g i n t h e 
t r a n s i t i o n i s d e n o t e d b y L , T T . We w i l l n o w e x p r e s s E q . ( A - 1 5 ) 
i n t e r m s o f m i x i n g r a t i o s , f o r t h e c a s e t h a t t h e i n i t i a l a n d 
f i n a l s t a t e s h a v e d e f i n i t e p a r i t y . S i n c e t h e e l e c t r o m a g n e t i c 
i n t e r a c t i o n c o n s e r v e s p a r i t y , t h e sum ( L + L 1 + T T + - J T 1 ) m u s t b e a n 
e v e n i n t e g e r . H e n c e , o n l y e v e n v a l u e s o f K w i l l a p p e a r . T h e 
q u a n t i t y P ( k ) w i l l b e r e p l a c e d b y W ( 0 ) , t o w h i c h i t i s 
p r o p o r t i o n a l , w h e r e t h e n o r m a l i z a t i o n i s c h o s e n s u c h t h a t 
t h e c o e f f i c i e n t o f P Q ( C O S ( 0 ) ) i n t h e e x p a n s i o n o f W ( 0 ) i s 
u n i t y . 
B K ( J 1 ) R K ( L , L ' , J 1 , J 2 ) 6 ^ 7 T ) 6 ^ , ) P K ( c o s ( 0 ) ) 
W ( 0 ) — E — y—^—« 
T h e sum o v e r (LTT) i s o v e r a l l m u l t i p o l e s c o n s i s t e n t w i t h 
t h e c o n s e r v a t i o n o f a n g u l a r m o m e n t u m a n d p a r i t y . L a n d L ' 
a r e a l l o w e d t o h a v e v a l u e s b e t w e e n | J - ^ - J 2 | a n d ( J ^ + J 2 ) , 
i n c l u s i v e , w i t h n e i t h e r L n o r L ' e q u a l t o z e r o . I n E q . ( A - 1 9 ) , 
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the factor B K(Jn) depends only on the nuclear alignment, 
while the factor 
(LTT) ( L ' T T 1 ) (6- ) 
depends only on quantities characterizing the nuclear 
transition. Eq. (A-19) gives the angular distribution in 
terms of mixing ratios for a gamma ray originating from the 
decay of state J^, with the alignment of the state specified 
by B K ( J 1 ) . 
Case of Angular Correlation 
For the case of angular correlations, the initial 
state is randomly populated and subsequently decays by 
emission of a sequence of at least two gamma rays. We shall 
consider only the simplest case that the two gamma rays 
observed in coincidence are the first and second ones of the 
cascade originating from the decay of J^. The alignment is 
attained by observation of the first gamma ray. Since the 
state is randomly populated there is no preferred direction 
in space, and we choose the axis of quantization (z-axis) to 
be the direction of propagation of the first gamma ray. The 
magnetic substates are specified with respect to this axis, 
and the wavefunctions | J^ M-^ > are chosen so as to be eigenstates 
of ^ T z * ^ e population weighting of the first state is 
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given by v(M 1) = (2J 1+1)" 1. 
Now the circular polarization q of the first gamma 
ray is specified with respect to the z-axis, so the relation 
M 2 + q = follows. Hence, M 2 will be "sharp" with respect 
to the z-axis; or in other words, there are wavefunctions 
|J"2M2> such that M 2 is an eigenvalue of ^ 2 z . In our case, 
only the second gamma ray of the cascade is detected (at an 
angle 6 relative to the first ray), so the z-axis is an axis 
of cylindrical symmetry. Thus, the directional distribution 
of the second observed gamma ray (J^J^) can also be 
described by Eq. (A-15) after replacement of J-^  by J 2, and 
J 2 by J^. All that remains is to calculate the populations 
v( M 2 ) . 
To this end, we recall that for a given value of q 
there is only one M 2 corresponding to each . Then the 
q-i 
probability, W (M 2), of populating M 2 from will be given 
by weighting each w (J^M^->J2M2+ (k^ ,e )) with the statistical 
weight of M^, which is ( 2 J ^ + 1 ) , and summing over . 
That is, 
q l -1 * 
W ± ( M 2 ) = (2J 1+1) Z o ) ( J 1M 1 - * - J 2M 2 + C k 1,e q )). (A-20) 
Each 03 ( J^Mj+ J 2M 2+ (t^ , e q )) can be expressed in terms of the 
interaction multipole operators by substituting Eq. (A-10) 
into Eq. (A-9). When this has been done, and after considerable 
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q l 
algebraic manipulation, W (M 2) can be written in terms of 
q l 
(J 2) . Quantities of the latter type are summed over 
to give B K ( J 2 ) , with the result that, if K is an even 
integer, 
B ( J ) = Z [ ( - 1 ) R (L L ' J J )6 T 6 T , A ] x 
K 2
 ( L ^ ) ( L ' T T J ) K 1 1 2 1 L 1 L x 
( i r l 5 2 -1 
2 1 (6 N 1 ) 2] \ (A-21) 
If K is odd, the B K(J 2) = 0. Eq. (A-21) assumes that all 
nuclear states have definite parity. 
For the usual case that only two multipolarities need 
be considered, then Eq. (A-21) reduces to 
r i " L l 
B K ( J 2 ) = [ R K ( L 1 , L 1 , J 2 , J 1 ) + (-1) 1 2 5 1 x 
R K ( L 1 , L 1 , J 2 , J 1 ) + 6 1 2 R K ( r i , r i , J 2 , J 1 ) ] x (l+fi^)" 1, (A-22) 
for even K. Here, and L-^  are the two lowest possible 
multipolarities, with 1"^  = + 1. 
We can now obtain the final expression for the direc­
tional correlation function, W, by inserting B^(J 2), as 
given in Eq. (A-21), into Eq. (A-19). For the case that both 
the populating transition and the following transition are 
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contributed to by two multipolarities, the result is 
W(0) = z 
K even [Rj£ (L^ > >^2 *^]) " 2<^ l^K ^ 1 '^1 *^2 + 
6 1 2 R K ( I 1 , r i , J 2 , J 1 ) ] (1+6- l 2) 2,-1 x 
R K(T 2,T 2,J 2,J 3)] (l+6 2 2)* 1P K(cos(6)). (A-23) 
Here, = L^+l and L~2 = L 2 + L 
The highest possible value of K is determined by 
certain "triangular" conditions governing Clebsch-Gordon and 
Racah coefficients contained in the B^'s and in the R^'s. 
The result is K <_ min (2J 2 , 2L~^  , 2L~2) . The coefficients of 
type R K which appear in Eq, (A-23) are related to the F K 
coefficients mentioned in Chapter I in the following manner: 
multiplying P K(cos ( 8 ) ) is a product of two terms each of 
which depends on only one transition of the cascade. Denoting 
the coefficient of P^ by A v v , we can write 
R K(L,L',J 1,J 2) = (-1) L-L'+K Fj£ (L > L 1 , J 2 , J^) . (A-24) 
From Eq. (A-23) it can be seen that the coefficient 
= A K(J 1->J 2) A K ( J 2 + J 3 ) . (A-25) 
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Directional Correlation Particle Parameters 
for Conversion Electrons 
For directional correlations between electrons and 
gamma rays, the correlation function W is modified in that 
each coefficient (or F K coefficient, see Eq. (A-24)) for 
the converted transition is multiplied by an electron 
particle parameter, b K (3). If the converted transition is 
of mixed multipolarity, then the gamma mixing ratio (6) for 
1/2 
that transition is replaced by the quantity <S(aj-/aL) , 
where the a's are the conversion coefficients for the two 
contributing multipolarities. 
Formulas for the particle parameters may be found in 
references (3), (28) , (29), and (30). Each particle 
parameter will depend on the multipolarity, parity, and energy 
of the transition, the atomic number (Z) of the nucleus, and 
the initial electron state (e.g., K-shell, L 2-subshell, etc.). 
As an example, the particle parameters for magnetic 
2 L-pole conversion of an L n-subshell electron are given by, 
b„(ML) = 1 + K(K+1) L(L+1) 
2L(L+1 ) -K(K+1) 2L+1 X (A-26) L +1 +L|T M(L)| 7 ' 
where T M(L) [
e x P ( i n v ) R v , v 'V = -l,v=L + l 
[ e x p ( i n v ) R V ) V t ] v T = _ 1 ) V = . L 
(A-27) 
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H e r e , = / h L ( £ v g v , + f v , g y ) r 2 d r , (A-28) 
o 
n i s a p h a s e f a c t o r , and h T i s t h e s p h e r i c a l Hankel 
f u n c t i o n of o r d e r L. The f u n c t i o n s f and g a r e r a d i a l wave-
f u n c t i o n s s a t i s f y i n g t h e D i r a c e q u a t i o n s . The quantum 
numbers v 1 and v r e f e r t o t h e bound and cont inuum e l e c t r o n 
s t a t e s , r e s p e c t i v e l y . 
The t h e o r e t i c a l p a r t i c l e p a r a m e t e r s used i n t h i s 
i n v e s t i g a t i o n were i n t e r p o l a t e d from p a r t i c l e p a r a m e t e r 
v a l u e s c a l c u l a t e d by Hager and S e l t z e r ( 7 ) . 
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APPENDIX B 
ANALYSIS OF EXPERIMENTAL DATA 
As mentioned previously, coincidence counts were 
stored in the computer core during the actual data collec­
tion time at a given angle. At the end of a counting period, 
the computer program normalized the number of counts in core 
for each energy channel to the length of that counting inter­
val and to the singles counting rate in the moveable detector 
for that same interval. The normalization to the singles 
counting rate makes a first-order correction for source 
de-centering, and makes the measured correlation function 
independent of the source decay (1, p. 1191). The normalized 
counting rates were averaged in with any previous counting 
rate data at the given angle, and stored on a magnetic disk. 
The counting rate data for accidental coincidences was taken 
separately from the real-plus-accidental coincidence data. 
The accidental rates from all counting positions were 
averaged together and stored as one rate. 
At the conclusion of an experiment on a cascade, it 
was necessary to determine the true coincidence counting 
rate at each angle. This was accomplished in the manner now 
outlined. 
A function consisting of one (or more) Gaussian 
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p e a k ( s ) and a l i n e a r background was l e a s t - s q u a r e s - f i t t e d t o 
each c o i n c i d e n c e s p e c t r u m s t o r e d by t h e compu te r . The 
c o i n c i d e n c e c o u n t i n g r a t e o b t a i n e d f o r t h e a p p r o p r i a t e gamma 
r a d i a t i o n would be r e p r e s e n t e d by t h e a r e a of one of t h e 
f i t t e d G a u s s i a n p e a k s . The r e a l c o i n c i d e n c e r a t e a t an 
a n g l e was o b t a i n e d by s u b t r a c t i n g t h e a c c i d e n t a l r a t e from 
t h e r e a l - p l u s - a c c i d e n t a l r a t e a t t h a t a n g l e . 
For a o n e - p e a k s p e c t r u m , t h e f u n c t i o n t o be f i t t e d t o 
t h e d a t a c o u l d be w r i t t e n as 
x - c 
F ( x , c ) =
 C l - c 2 x + c 3 e x p [ - l ( - ^ - i ) 2 ] ; ( B - l ) 
where x r e p r e s e n t s t h e c h a n n e l number of t h e ene rgy s p e c t r u m , 
t h e v e c t o r c = (c-^, c 2 , , c^ , c^) , and t h e c n ' s ( n = l , . . . , 5 ) 
a r e r e a l numbers y e t t o be d e t e r m i n e d . As d e f i n e d i n 
Eq. ( B - l ) , F i s a n o n l i n e a r f u n c t i o n of t h e c ' s . 
n 
The l e a s t - s q u a r e s c r i t e r i o n s p e c i f i e s t h a t c s h o u l d be 
chosen such t h a t t h e f u n c t i o n G, d e f i n e d i n t h e f o l l o w i n g 
e q u a t i o n , i s m i n i m i z e d . 
y i - F ( x . , c ) 2 
G(c) = Z i ) Z , (B-2) 
i a± 
where y^ i s t h e c o i n c i d e n c e c o u n t i n g r a t e i n t h e i ' t h 




a p p r o p r i a t e f o r a P o i s s o n d i s t r i b u t i o n of c o u n t s i n c h a n n e l x^ 
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The computer program which pe r fo rmed t h e t a s k of 
m i n i m i z i n g G had been a d a p t e d e a r l i e r from one g i v e n by 
B e v i n g t o n ( 3 1 ) . The p o i n t (c^ , c"2 , c ^ , c~4, c~5) i n p a r a m e t e r 
s p a c e a t which G t a k e s i t s minimum v a l u e g i v e s t h e " b e s t " 
v a l u e s ( i n t h i s c o n t e x t ) f o r t h e c o e f f i c i e n t s , c , i n Eq. 
( B - l ) . The a r e a of t h e f i t t e d peak can t h e n be found from 
t h e c o e f f i c i e n t s c^ and c ^ . 
The e x t e n s i o n of t h i s s p e c t r u m - f i t t i n g p r o c e d u r e t o 
a m u l t i p e a k s p e c t r u m i s s t r a i g h t f o r w a r d , i n p r i n c i p l e . 
However, d i f f i c u l t i e s of a p r a c t i c a l n a t u r e can a r i s e , 
p a r t i c u l a r l y i f a r i d g e i s formed by s e v e r a l peaks f a i r l y 
c l o s e t o g e t h e r . 
A f t e r f i n d i n g t h e r e a l c o i n c i d e n c e c o u n t i n g r a t e a t 
each a n g l e , i t i s t h e n n e c e s s a r y t o l e a s t - s q u a r e s - f i t t o 
t h e s e d a t a an e x p e r i m e n t a l c o r r e l a t i o n f u n c t i o n , w, of t h e 
form 
w(6) = a Q + a 2 P 2 ( c o s ( 0 ) ) + a 4 P 4 ( c o s ( 0 ) ) . (B-3) 
As i n t h e p r e v i o u s c a s e w i t h t h e c n ' s , t h e c o e f f i c i e n t s a^ , 
a 2 , and a 4 a r e t o be c o n s i d e r e d as a d j u s t a b l e p a r a m e t e r s . 
Deno t ing t h e r e a l c o i n c i d e n c e c o u n t i n g r a t e a t t h e a n g l e 0 
by R ( 0 ) , t h e f u n c t i o n U was d e f i n e d i n t h e manner , 
R ( 6 . ) - w ( 0 , )
 ? 
U ( a Q , a 2 , a 4 ) = I ( ^- i - ) . (B-4) 
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The sum over the index i means a sum over the angles (9^) 
at which coincidence data were taken. Those angles were 
90°, 135°, 180°, 225°, and 270°. Here is the standard 
deviation in R(9^) . Since w, of Eq. (B-3), is linear in the 
a's, the minimization of U is far simpler than the corre­
sponding problem with G. 
If U takes its minimum at (a^,a2,a^) , then the 
correlation coefficients and A 4 4 are defined as A 2 2 ~ 
a"2/a0, and A^ 4 = a^/a^. Lastly, A^ 2 a n c* A ^ must be corrected 
for effects arising from the solid angles subtended by the 
detectors and the size of the source. 
Tables 5, 6, and 7 present samples of the data and 
results of the least-squares fitting procedures for one of 
the experiments conducted. 
At each stage of the data analysis process, the 
estimation and/or propagation of the random errors was 
carried out according to standard statistical procedures (31) . 
Corrections for Detector Solid Angles and Source Size 
M. E. Rose (32) has worked out the procedure to be 
followed in making solid angle corrections for the case of 
a point source at the intersection of the axes of two 
cylindrically symmetric detectors (assuming no counter-to-
counter scattering of radiations). For this case, it turns 
out that the corrected coefficient A v v is given as 
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Table 5. Normalized Coincidence Rates for the 198e T/110y 
169 
Cascade in Tm 
Channel
 g Q O 1 3 5 o 1 8 0 o 2 2 5 <>
 2 7 Q o Acc 
No. 
I_
l 2595 2523 2532 1889 2969 1030 
2 2408 2248 2755 3101 2549 687 to 2529 2113 2559 2600 3019 562 
4 2738 3092 2300 3087 2663 744 
5 3000 2644 2785 3366 2642 819 
6 3031 2359 2682 2300 2483 607 
7 2835 2382 2632 2550 2862 762 
8 2938 2530 1989 2558 3244 631 
9 2677 2332 3020 2819 3222 829 
10 2776 2577 3101 2569 2315 682 
11 2760 2809 3130 2664 3131 918 
12 3511 2830 4000 3798 3137 2241 
13 4075 2689 3545 3157 3692 1383 
14 2662 3076 2871 2862 2762 1808 
15 2870 2605 2531 2346 2751 1222 
16 2886 2613 2506 2476 2315 509 
17 2072 2790 2760 2631 2981 693 
18 2720 2945 2814 2678 2198 324 
19 2840 2983 3046 3246 2642 435 
20 3131 3115 3682 2846 3350 567 
21 4004 3914 4376 3996 3461 1120 
22 5400 6093 6528 6447 5493 1170 
23 16467 15797 15705 19662 16085 999 
24 47476 49249 49341 51847 45638 1829 
25 87393 92988 99991 90614 89103 7720 
26 55542 59941 64325 55894 59698 3224 
27 18181 20144 22238 18956 18440 2085 
28 4913 6088 7107 5585 5578 1416 
29 3277 3450 3892 3157 3686 854 
30 5361 4944 5140 5057 4616 630 
31 8996 8234 8698 9483 10236 990 
32 10214 9734 9609 9398 10972 1163 
33 5494 5291 5160 5197 5100 713 
34 1677 2660 2204 2199 2376 741 
35 1168 1010 1194 1561 1455 701 
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T a b l e 5 ( c o n c l u d e d ) 
Channel
 g Q o 1 3 5 o 1 8 Q o 2 2 5 o 2 7 Q o A c c 
No. 
36 1795 1186 1095 960 893 651 
37 1150 1337 1318 1333 1145 375 
38 630 1312 1335 1105 1029 498 
39 1634 1414 2033 1752 1346 848 
40 3020 3038 3283 3621 3418 1506 
41 4877 5003 5534 5129 5205 2299 
42 4269 5108 3733 4061 4119 2606 
43 2165 2150 2090 2265 1953 1543 
44 660 957 1287 956 745 799 
45 380 652 1155 505 542 1007 
46 573 474 829 708 227 571 
47 703 384 704 519 373 425 
48 360 645 463 356 309 341 
49 346 613 568 390 503 135 
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T a b l e 6. Some R e s u l t s of S t a t i s t i c a l A n a l y s i s of t h e 
1 A O 
Data f o r t h e 1 9 8 e T / 1 1 0 y Cascade i n Tm 
P a r a m e t e r s r e s u l t i n g from a l e a s t - s q u a r e s 
f i t of t h r e e G a u s s i a n peaks and a l i n e a r 
background t o t h e d a t a of Tab le 5. 
Numer ica l e n t r i e s have been rounded t o 
fou r d i g i t s 
c See 
n - 3 
For n>_6, 
Eq. ( B - l ) . 
c i s 
n 
a n a l o g o u s t o 
90° 135° 180° 225° 270° 
* 
Acc. 
c l 36 .86 32 . 05 31 .99 34 .62 3 6 . 5 1 95 .16 
c 2 . 5846 .4485 .4091 .5228 .5838 .4907 
C 3 850 . 7 853 .6 8 5 1 . 8 843 . 5 858 .4 800 .6 
c 4 25 .08 25 .10 2 5 . 1 3 25 .03 25 .12 2 5 . 1 1 
c 5 1.033 1.028 1.004 1.065 1 .021 .6398 
c 6 88 .68 74 .64 6 8 . 53 82 .29 98 .34 6 3 . 9 5 
c 7 3 1 . 5 5 31 .60 31 .52 3 1 . 50 3 1 . 56 3 1 . 6 8 
C 8 1.126 1.183 1.143 1.130 1.034 . 5237 
C 9 3 9 . 7 1 4 0 . 7 8 3 4 . 2 5 38 .47 4 1 . 5 5 226 .9 
c 1 0 4 1 . 31 4 1 . 4 3 4 1 . 1 1 41 .16 4 1 . 1 9 4 1 . 6 3 
c l l . 9930 .9318 . 8347 1.049 .9615 1 .181 
The " A c c . " r a t e s were f i t t e d w i t h fou r G a u s s i a n p e a k s . 
The p a r a m e t e r s f o r t h e r e m a i n i n g peak a r e n o t shown. 
The p a r a m e t e r s c ^ , c ^ , and c^ c o r r e s p o n d t o t h e 110 
keV gamma c o i n c i d e n c e p e a k . 
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Table 7. Further Results of Analysis of Data for 
1 A O 
the 198e L/110y Cascade in Tin y 
In this table, C T denotes the total number of counts 
in the 110 keV gamma coincidence peak, and R denotes the 
normalized counting rate (counts per 100 sec.) for this peak. 
90° 155° 180° 225° 270° Acc. 
C T 4791 5130 10694 5161 4788 176.2 
R 2.832 3.032 3.193 3.186 2.845 0.1497 
The parameters resulting from a least-squares fit 
of an experimental correlation function (Eq. (B-3)) to the 
preceding counting rates are listed below, together with 
the uncorrected coefficients A ^ a n c* ^ 4 4 * 
f o f l
 a 2 A22 A 4 4 
2.855 0.2738 -0.0891 0.096 -0.031 
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Akk 
Akk = Q k(D 1)Q k(D 2J » C B " 5 ) 
for each value of the index k. The total correction is seen 
to be split into two parts, each part depending on only one 
of the detectors. The correction factors take the form 
Q k = J k / J 0 > w h e r e 
^max 
J k = / Pk(cos(3))eCE,3)sin(3)d3. (B-6) 
Here, e(E,3) is the absorption efficiency of the detector 
for the type of radiation received, of energy E and at 
entrance angle 3. 
Camp and Van Lehn (33,34) have evaluated such integrals 
by numerical methods for several common sizes of cylindrically 
symmetric Gi(Li) detectors, and a range of gamma ray energies 
and source-to-detector distances. Their results were 
appropriate to the ORTEC detector. They also evaluated such 
integrals for the so-called "five-sided" trapezoidal Ge(Li) 
detectors. The Nuclear Diodes detector used in the experi­
ments was of this latter type. Although not cylindrically 
symmetric, it was used with the assumption that its departure 
from this ideal shape was not severe enough to be a deter­
mining factor in the accuracy of results obtained. The 
computations of Camp and Van Lehn have been used to find, by 
interpolation, the Q ? and Q. values for both the Ge(Li) 
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detectors used in this investigation. 
As for the Si(Li) detector, the efficiency e can be 
taken to be independent of 3, the electron entrance angle. 
For this case, the integral of Eq. (B-4) can be evaluated 
2 




Q 2 ~ l-3w+2w , 
Q 4 = l-10u) + 30u)2-35u)3+14u)4. (B-7) 
If the radius of the circular electron detector is denoted 
by r g and the distance from the source to the detector by 
R , then 
e' 
1 
u = \ (l-[l+(r e/R e) 2] T ) . (B-8) 
If the source is not a geometrical point, or if it is 
not centered, or if the detectors are not cylindrically 
symmetric, then the corrected coefficient A ^ may not be 
given by such a simple expression as in Eq. (B-5). In 
general, each A ^ would depend on all the coefficients of 
type A' , and the index & would range over odd as well as 
even integers. 
Feingold and Frankel (27) have investigated the form 
taken by the measured correlation function for a small, 
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centered line source perpendicular to the plane containing 
the detector axes. Their results can be applied directly 
to the case of a small, centered disk source whose plane is 
parallel to the face of one of the (cylindrically symmetric) 
detectors, if the other detector is far enough away from the 
source to "see" it as a point. In the experiments previ­
ously described, the diameter of the (disk) source was about 
5.4 mm, the distance from the source to the Si(Li) detector 
was about 20.5 mm, and the distance between the source and 
the Ge(Li) detector was roughly 80 mm. As a first approxi­
mation to correcting the measured correlation coefficients 
for source size, the results of Feingold and Frankel for 
the case cited were applied. The source size was assumed to 
be negligible as far as the Ge(Li) detector was concerned. 
For each experiment, the corrected coefficients obtained by 
this method were practically identical with those found using 
the simpler correction procedure. In each case, the differ­
ence in values for the coefficient corrected by the two 
methods was insignificant compared to the estimated standard 
deviation in that coefficient. Since the greater part of 
any source size correction should have been accounted for by 
using the procedure mentioned, it would seem that the 
aggregate effect of the source size was negligible. 
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